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1.1. INTRODUCTION 
The manner in which the occlusion of a developing dentition is established 
depends upon two major factors. The first is the morphogenesis of the teeth 
involved. It is obvious that an abnormal morphogenesis of the teeth may 
result in an abnormal occlusion. This holds true not only for cases in 
which deviations from the normal morphological pattern arise but also in 
cases in which the time schedule of the developing tooth is abnormal al-
though the morphology of that particular tooth may be normal. In the latter 
case the morphogenesis of the teeth is interrelated with the other major 
factor involved in the establishment of the normal occlusion, namely the 
positioning of the teeth. The positioning of the teeth has to be considered 
as a resultant of vertical eruptive movements and mesio-distal and bucco-
lingual drifting movements. 
To achieve a normal occlusion the positioning of the teeth must take place 
in a coordinated manner and in cases in which the morphogenesis does not 
take place within the normal variation of the time schedule, an imbalanced 
positioning of the teeth may result in a malocclusion of the dentition. 
Starting from a situation in which the morphological development of the 
teeth is within the normal range the positioning of the teeth determines 
the ultimate occlusion. 
The positioning of the teeth is a process in which forces of two different 
origins are involved. In the first place the movements of the teeth within 
the jaw are determined by forces exerted by the teeth themselves or by 
their surrounding structures such as the periodontal ligament, the surroun-
ding bony structures or the periapical soft tissues. In the second place 
forces are exerted by the musculature of the mouth, the other teeth or by 
external factors. In both cases these forces can only result in a proper 
positioning of the teeth if the bone surrounding the teeth is able to react 
adequately to the forces exerted, i.e. in such a way that resorption and 
deposition of the bone takes place normally. 
The positioning of the teeth after the emergence and after the attainment 
of occlusion is more dependent on the behaviour of the individual than are 
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the movements that take place before the emergence. For instance the 
functioning of the lip and jaw musculature, the tongue, swallowing and 
habits such as finger sucking and of course the interdigitation of the 
teeth during occlusion exert an important influence on the positioning 
of the teeth after emergence. However, apart from these forces the 
positioning of the teeth might still be influenced by the forces that ori-
ginate from the periodontal ligament, the periapical tissue etc. These lat-
ter mechanisms might influence the positioning of the teeth during the 
development within the jaw as well as after emergence. Although there are 
many speculations made about these mechanisms their nature is still unknown. 
However, they play an essential role in the positioning of the teeth from 
their early developmental stages until they reach occlusion and therefore 
it is of interest to attempt to attain a better understanding of the 
mechanisms involved. 
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1.2 REVIEW OF THE LITERATURE 
1.2.1. Definition of tooth eruption 
Prior to the review of the literature it is useful to define the term tooth 
eruption as it will be used in the present investigations. 
In the literature some indistinctness exists concerning the term 'eruption' 
and the definitions given range from just the emergence of the teeth through 
the oral mucosa (Kremanak, 1967, 1969; Kiinzel, 1976; Shabestari, 1967) to a 
continuous process from the start of the development of the tooth throughout 
the life span of the animal (Berkovitz, 1976). 
Other authors define tooth eruption as a process starting with the emergence 
and lasting until the attainment of occlusion of the teeth (Beertsen and 
Snijder, 1969; Weinmann, 1941) or they limit the process to the period before 
the emergence (O'Brien et al., 1958). 
In the present investigation the term tooth eruption will be used essential-
ly according to the definition as given by Massler and Schour (1941) who 
defined tooth eruption as 'the process whereby the forming tooth migrates 
from its intraosseous location in the jaw to its functional position within 
the oral cavity'. However, this definition embraces movements of the teeth 
in all planes, and for the purpose of this investigation only the movements 
in the occlusal direction will be considered. 
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1-2.2. Theories concerning the mechanisms of tooth eruption 
In the past a considerable number of theories concerning the mechanisms that 
are involved in the eruption of teeth have been developed. Extensive reviews 
of these theories have been given by Berkovitz (1975, 1976), Brodie (1934), 
Bryer (1957), Dienstein (1956), Los (1976), Massler and Schour (1941), 
Sicher (1942a, 1942b) and Ten Cate (1969). 
In these reviews the following theories are discussed: 
1. Growth of the root (Hunter, 1771). 
The elongating root pushes against the fundic bone forcing the tooth to 
erupt into the oral cavity. 
2. Growth of the dentine (Eichler, 1922; Eidman, 1923). 
The deposition of the dentine, which is a continuous process, causes a 
constriction of the dental pulp. The pulpal tissue is partly expelled into 
periapical region, causing a sufficient pressure to move the tooth in an 
occlusal direction. 
3. Growth of the alveolar bone (Nessel, 1856; Hermann, 1869; Brash, 1928). 
Bone deposition at the fundus pushes the tooth in an occlusal direction. 
4. Muscular pressure (Berten, cit. Demolis, 1926). 
Actions of the lip and cheek musculature exert pressure upon the alveo-
lar bone causing pressure differences within the crypts which result in 
movements of the teeth. 
5. Gubernacular cord (Delabarre, 1820; Cahill, 1970, 1974). 
The gubernacular cord has contractile properties which enables it to 
pull the tooth of its crypt, guided by the gubernacular canal. 
6. The collagenous fibres of theperiodontal ligament (Underwood, cit. Tomes, 
1923; Thomas, 1964, 1965, 1967, 1975). 
Tractional forces originate from the oblique collagenous fibres within 
the periodontal!igament. Cross-linking and agrégation of the collagen 
during its maturation results in a shrinkage of the collagenous fibres. 
This gives rise to a pulling force upon the tooth. To ensure a continuous 
force a rapid turnover of the collagen has to take place in such a way 
that new collagenous fibres are continually formed which in their turn 
exert their pulling force upon the tooth during their maturation. 
7. The fibroblasts in the periodontal ligament (Ness, 1967; Beertsen et al., 
1974; Azuma et al., 1976). 
The fibroblasts in the periodontal ligament exert a pulling force upon 
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the tooth by means of their contractility or their locomotion. 
8. Periapical cell proliferation (Massler and Schour, 1941; Sicher, 1942; 
Ness, 1959; Ness and Smale, 1959). 
In the periapical region of an erupting tooth a considerable amount of 
mitoses takes place, providing an excess pressure in this area. This 
phenomenon then exerts a force upon the surrounding structures forcing 
the tooth to migrate in an occlusal direction. 
9. Blood pressure or tissue fluid pressure (Constant, 1900; Ness and Smale, 
1959; Van Hassel and Mc Minn, 1972; Lamb and Van Hassel, 1972) · 
A difference in tissue fluid pressure which would be induced by a dif-
ference in blood pressure exists between the connective tissues superior 
and inferior to an erupting tooth. This pressure gradient then results 
in a pushing force causing the tooth to migrate in an occlusal direction. 
Generally, the arguments which Massler and Schour (1941) used against most 
of the theories still hold true, but the theories concerning the collagenous 
fibres in the periodontal ligament, the fibroblasts in the periodontal liga-
ment, the periapical cell proliferation and the blood pressure or tissue 
fluid pressure still need to be considered seriously (Berkovitz, 1975a, 
1975b; Los, 1976; Ten Cate, 1969b), and therefore these theories are subject 
to a further consideration in the present investigation. 
For none of these theories is conclusive evidence for or against available. 
This is due to several complicating factors. In the first place tooth eruption 
is a process in which many structures are involved. All of these structures 
are subject to changes during the process of eruption and it is therefore 
extremely difficult to recognize the causal relations within this complex 
event. Secondly there is a variety of experimental approaches, each aiming at 
the support of one theory and this makes it difficult to draw conclusions. 
Last but not least the stages of morphological development which correspond 
to the different physiological phases of the process of eruption are not 
well documented. 
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1.2.3. Morphologic development 
1.2.3.1. Introduction 
Prior to the review of the experimental data which support or reject the 
different theories, it is necessary to pay attention to the morphological 
development of the structures which play a role in the theories considered 
as interpretation of the experimental data without knowledge of the 
morphogenesis is not possible. The description of the morphogenesis will 
be restricted in several ways. In the first place a restriction will be 
made so that only data concerning the morphogenesis of teeth with limited 
eruption will be described. This is due to the fact that some essential 
differences exist between teeth exhibiting continuous eruption and those 
with a limited eruption pattern, in terms of morphological development, 
the functioning of the teeth and the eruption process (van Bladeren, 1971). 
Moreover the present investigation is performed on teeth with a limited 
eruption pattern. 
Another restriction that will be made is that only phenomena which are 
related to the process of tooth eruption will be described. The following 
sections deal respectively with those aspects of the morphogenesis that 
might be of importance to those theories of tooth eruption which are still 
the subject of investigations, namely the theory concerning the collagenous 
fibres in the periodontal ligament, the theory concerning the fibroblasts 
in theperiodontal ligament, the theory concerning the periapical cell 
proliferation and the theory involving blood pressure or tissue fluid 
pressure. 
1.2.3.2. Collagenous fibres 
In all species studied, rats, mice, hamsters, dogs, monkeys and man, no well 
organized periodontal 1 igament has been found before the onset of root 
formation, although some collagenous fibres are present. None of these 
fibres however anchor the tooth to the alveolar bone (Biggerstaff, 1975; 
Freeman and Ten Cate, 1971; O'Brien et al., 1958; Ten Cate, 1969, 1972; 
Trott, 1962). In mice no orientation at all could be found in the 
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collagenous fibres at this stage of development. (Atkinson, 1972; Freeman 
and Ten Cate, 1971). In all other species, some orientation of the collagenous 
fibres is described shortly before the start of the root formation, but the 
orientation of these fibres is more or less parallel to the surface of the 
crown. 
A certain zonation in the tissues of the future periodontal ligament appears 
to be present before the onset of the root formation, in mice and man 
(Ten Cate, 1969, 1972; Ten Cate and Mills, 1971; Ten Cate et al., 1970), 
or soon after the start of the root formation as described by Schneider (1970b) 
in rats. These zones do not vary in the orientation of the cellular or 
extracellular components, but only in the amount of cells and fibres. The 
zone adjoining the crown of the tooth is cell rich. The collagenous fibres 
as well as the cells of this layer round the cervical border of the crown 
and are continuous with the pulpal connective tissue. 
At the time the root formation starts in mice, the pulpal tissue is 
cervically limited by a so-called pulp limiting membrane which in the 
first instance consists of fibroblasts, but in which collagenous fibres, which 
more or less partition the pulp of from the periapical region of the 
parodontal ligament are found soon after the root formation has started 
(Atkinson, 1972). However in rats (Cohn, 1957; Kameyama, 1973) or hamsters 
(Biggerstaff, 1975) no such periapical organization could be found. 
The root formation takes place by means of the proliferation of the fused 
inner and outer enamel epithelium, the Hertwig's root sheath, which induces 
pulpal cells to differentiate into odontoblasts. These odontoblasts lay 
down the root dentine. Precementoblasts penetrate between the cells of the 
root sheath reaching the root dentine. The first cementum is then deposited. 
This process of root formation starts cervically and progresses in an apical 
direction. 
Changes in the organization of the periodontal ligament take place, which are 
related to the onset of the root formation. According to some authors 
(Biggerstaff, 1975; Cohn, 1957; Freeman and Ten Cate, 1971; O'Brien et al., 
1958) the first collagenous fibres oblique to the surface of the root are, 
at least in rats, mice and hamsters, formed after the first root dentine 
is laid down, but before cementum is formed. Other authors however 
(Eccles, 1959; Schneider, 1970b; Trott, 1962) state that in rats no oblique 
collagenous fibres are present before the first cementum is deposited. In 
monkeys and man the first oblique fibres are found after cementum deposition 
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has been underway for some time (Furstman and Bernick, 1965, 1968; Grant and 
Bernick, 1972; Ten Cate, 1969). 
The first deposition of cementum in dogs does not take place until the 
emergence in the oral cavity is a fact (Owens, 1974, 1975). The anchorage 
of the tooth within its crypt before its emergence in dogs is of the same 
type as in man and monkeys. In all three cases the first attachement is not 
by means of thick fibres embedded into the cementum, the so-called Sharpey's 
fibres, but by means of short, thin collagenous fibres which are attached to 
the thin layer of acellular cementum as it exists in monkeys and man, or at 
the outermost layer of the root dentine which at that stage of the development 
is not mineralized in dogs (Furstman and Bernick, 1965; Grant and Bernick, 
1972; Levy and Bernick, 1968; Owens, 1974, 1975; Ten Cate, 1969). 
It is not clear whether the reorganization of the collagenous fibres of 
the periodontal ligament takes place at the same time over the whole width of 
the ligament or if it starts at one side and progresses to the other side. 
In the most apical region of a developing root the collagen synthesis is 
homogenous throughout the whole width of the periodontal 1igament, but in 
this area no well organized collagenous fibres are present (Kameyama, 1973b; 
Schneider, 1970b). Most of the collagen synthesis takes place at the tooth 
side of the periodontal ligament in the area where the first oblique fibres 
could be found, thus indicating that the organization starts at this side 
(Kameyama, 1973b). 
Aktinson (1972), Cohn (1957), Freeman and Ten Cate (1971), Grant and 
Bernick (1972), Kameyama (1973b), Levy and Bernick (1968) and Schneider 
(1970b) describe the collagenous fibres connected to the teeth as the first 
oblique fibres that are present. Eccles (1959) and Trott (1962) however are 
of the opinion that obliquely orientated fibres emerge from the bone as 
well as from the tooth. The number of collagenous fibres at the bone side 
is less than at the tooth side, but they are thicker (Eccles, 1959). 
Whether or not this fibre formation results in fibres which are continuous 
from the tooth to the alveolar bone is still not clear. For instance O'Brien 
et al. (1958), Bernick (1960), Trott (1962) and Schneider (1970a, b) are of 
the opinion that such continuous fibres are indeed formed. Eccles (1959) and 
Kerebel and Balouet (1967) also describe this type of fibre, but they state 
that these continuous fibres are present only after the emergence of the tooth 
into the oral cavity. Other authors are of the opinion that no continuous 
fibres are formed at all, but that an interweaving takes place between fibres 
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emerging fron the bone side and those emerging from the tooth side of the 
periodontal ligament, forming a so-called intermediate plexus (Beertsen and 
Snijder, 1969; van Bladeren, 1971; Furstman and Bernick, 1965; Kraw and 
Enlow, 1967). 
As has been stated previously, the development of the periodontal ligament 
proceeds in an apical direction. This means that the different stages of 
the development can be found in one tooth, the earliest stages at the 
apical end and the following stages more cervically. This holds true until 
the teeth come under the influence of the occlusal forces. From that 
moment on structural changes within the periodontal ligament appear to take 
place. In monkeys and rats the rapid development of a so-called free gingiv-
al fibre bundle consisting of collagenous fibres connected with the cervic-
al region of the root and extending into the gingiva, is described (Bernick, 
1960; Grant and Bernick, 1972; Grant et al., 1972; Levy and Bernick, 1968). 
This free gingival bundle is also described in man (Furstman and Bernick, 
1965; Ten Cate, 1969). Levy and Bernick (1968) and Grant et al. (1972) 
found differences between the periodontal ligaments of teeth with and without 
predecessors in similar stages of development. This may be explained by the 
fact that the teeth without a predecessor are already in direct contact with 
the oral mucosa and the teeth with a predecessor are still covered by bone 
and the overlying deciduous tooth. 
As has been previously described, in early stages of the development a 
bundle of collagenous fibres surrounds the crown. The fibres are orientated 
more or less parallel to the surface of the crown. This layer remains there 
during the further development and extends in such a way that the whole 
crown is covered (Magnusson, 1969; Ten Cate, 1971; Trott, 1962). At the 
time the erupting tooth approaches the oral mucosa this layer shows lytic 
activities and leucocytes, plasma cells and monocytes appear, indicating 
an irritation of the tissue covering the crown. This process may result 
in a weakening of the covering mucosa, facilitating the emergence of the 
tooth into the oral cavity. 
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1.2.3.3. Fibroblasts 
Because of the fact that the fibroblasts produce the collagenous fibres in 
the periodontal ligament it will be seen that the activity of these cells is 
to determine the orientation of these fibres and also the quantity of fibres 
produced. However one of the eruption theories deals primarily with the 
fibroblasts and their contractile properties and therefore the development 
of the fibroblast population during the tooth development is described 
separately. 
Before the crown formation is completed fibroblasts are found in the dental 
sac. These cells are mainly orientated parallel to the surface of the crown 
(van Bladeren, 1971; O'Brien et al., 1958; Trott, 1962), although in mice 
no orientation of these cells can be observed (Atkinson, 1972). The fibroblasts 
start to produce collagenous fibres before the onset of the root formation. 
The collagenous fibres are mainly directed in the same way as the fibroblasts. 
A certain zonation can be observed in the future periodontal ligament in terms 
of the relative amount of fibroblasts and fibres (Freeman and Ten Cate, 1971; 
O'Brien et al., 1958; Schneider, 1970a, b; Ten Cate, 1972). The cells of the 
tooth related layer are most important for the development of the attachment 
apparatus of the tooth in its socket, for they can differentiate into cei.iento-
blasts, fibroblasts or osteoblasts, which are respectively responsible for the 
deposition of the root cementum, the production of the collagenous fibres and 
the deposition of the alveolar bone (Barton and Keenan, 1967; Biqqerstaff, 1975: 
Hoffman, 1960; Ten Cate and Mills, 1972; Ten Cate et al., 1970). 
At the commencement of the root formation the space between the developing 
root and the fundic bone is filled with a loose connective tissue which is 
cell rich and in which no orientation of the cells can be distinguished 
(Biggerstaff, 1975; Cohn, 1957; Kameyama, 1973a, b). The pulpal tissue and 
the periapical tissue at that stage are, at least in mice, separated by a so-
called pulp limiting membrane, which then consists mainly of fibroblasts. This 
structure is continuous with the inner layer of the periodontal ligament in 
which the cells are orientated parallel to the surface of the developing 
root (Atkinson, 1972). The first cementoblasts are found more coronally and 
covering the root dentine which has just been layed down. 
After the first cementum is layed down a reorientation of the fibroblasts is 
found. The cells which were first orientated parallel to the surface of the 
root change their orientation and come to lie obliquely to the surface in 
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a coronal direction (O'Brien et al., 1958). According to Eccles (1959) and 
Schneider (1970a, b) this reorientation is not coincident with the first 
deposition of root cementum. It takes place shortly after the first 
cementum has been layed down. In dogs, however the reorientation of the 
fibroblasts seems to take place before the first root cementum has been 
deposited (Owens, 1974, 1975). Schneider (1970b) points out that at least 
in rats the reorientation of the fibroblasts is more or less coincident with 
the emergence of the tips of the molars from the alveolar bone. This suggests 
that chewing forces might play a role in the process of the readjustement of 
fibroblasts. 
At a subcellular level two types of fibroblasts can be distinguished in the 
developing periodontal ligament (Azuma et al., 1976). The first is a protein 
producing cell which is held responsible for the production of the 
collagenous fibres, and the second type is a myofibroblast which would 
possess contractile properties. The cells of this type are to be found mainly 
in the part of the periodontal ligament which is related to the alveolar 
bone. It is not clear at which stage of tooth development the differentiation 
into the two types of cells takes place. 
1.2.3.4. Periapical cell proliferation 
Little is known about periapical cell proliferation during the morphogenesis 
of teeth with a limited eruption. However Sicher (1942b) holds this cell 
proliferation responsible for the generation of erupting forces in teeth 
with a limited eruption. 
The little information available concerning rat molars shows a mitotic 
activity in the apical part of the developing roots, which is more or less 
similar to the picture found in rodent incisors (Chiba, 1965; Grewe and 
Felts, 1965; Lavelle, 1968a, b; Mantell, 1973; Michaeli and Greulich, 1972; 
Ness, 1959; Ness and Smale, 1959; Zajicek and Bar-Lev, 1971). The amount of 
mitoses, which is considerable before the emergence, decreases at the 
achievement of occlussion (Jensen and Toto, 1968) but the mitotic activity 
does not cease completely. Weiss et al. (1968) are of the opinion that in 
rat molars the cellular activities are dependent on the functional demands, 
as they are in the continuously erupting incisors. 
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1.2.3.5. Tissue fluid pressure 
The tissue fluid pressure in the space between the tooth and the fundic 
bone is related to the blood pressure in that region (Bryer, 1957; 
Ness, 1964). Thus the morphological development of the vascular system around 
the tooth is of importance in this respect. However, little is known about 
this subject. 
Before the commencement of tooth formation, a concentration of capillaries 
is found in the mesenchym adjoining the dental lamina. At the bell stage 
a separation is found in the vascular system. A small artery supplies the 
pulpal tissue, while the capillary plexus supplies the dental sac (Gaunt, 
1959). 
How the vascular system develops during root formation and until occlusion 
is established is still not known. However the blood supply of a normal 
occcluding tooth is described by several authors (Birn, 1966; Castelli and 
Dempster, 1965; Kindlová, 1967, 1970; Kindlovâ and Matena, 1959, 1962; 
Melcher, 1976). In the mandible the blood supply is provided by the mandibular 
artery, which gives off inter alveolar and intra alveolar branches for each 
tooth. The inter alveolar branch splits into an arteriole which supplies the 
pulp and two arterioles situated within the periodontal ligament close to the 
alveolar bone. The latter two give rise to capillaries within the periodontal 
ligament. The intra alveolar artery which runs through the alveolar bone also 
branches and these vessels run horizontally through the bone into the periodontal 
ligament. Capillaries originating from this system together with the 
capillaries originating from the inter alveolar artery form a rich vascular 
plexus adjoining the alveolar bone. Gingival vessels also penetrate into 
the periodontal ligament and play a role in the blood supply of the cervical 
part of the periodontal ligament. The vascular plexus is particularly rich 
in the periapical region. The venous drainage is mostly in the direction of 
the apex, although veins which run into the gingiva and the alveolar bone 
are also described. 
The vascular pressure in the periodontal ligament and the periapical region 
is primarily associated with the systemic blood pressure, but on the 
capillary level marked local differences may be found in blood pressure and 
also in tissue fluid pressure (Brown, 1968). A possible mechanism by which 
these local pressures are regulated is situated in the oxytalan fibre 
system (Sims, 1973). It would therefore be useful to briefly discuss the 
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development of the oxytalan fibres during the morphogenesis of the tooth. 
Oxytalan fibres are first described by Fullmer and Lillie (1958) as fibres 
with staining properties which are different from all other types of fibres 
then known. Charmichael (1968) is of the opinion that oxytalan fibres are 
a modification of the elastic fibres. Fullmer (1960) and Fullmer and Witte 
(1962) also indicate a relation between oxytalan and elastic fibres. How-
ever there are some morphological differences justifying the differentia-
tion (Fullmer et al.s 1975). 
Little is known about the morphogenesis of the oxytalan fibre system. 
Fullmer (1959) describes the first appearance of oxytalan fibres around 
a developing tooth at the time that the crown formation is nearly complete. 
They are then found close to the outer enamel epithelium. At the time of 
the start of root formation, oxytalan fibres are found lateral to Hertwig's 
epithelial root sheath. As cementum is deposited collagenous fibres as well 
as oxytalan fibres are embedded in the cementum. As the root formation 
proceeds more oxytalan fibres are found. When the developing teeth come 
under the influence of chewing forces, the oxytalan fibres increase in 
thickness and number (Fullmer, 1959). 
The oxytalan fibre system in normal occluding teeth is described by Fullmer 
(1967, 1975), Goggins (1966), Rannie (1963) and Sims (1973, 1975). Sims 
divides the oxytalan fibre system into different groups. Some of the 
fibres run occlusal to the interdental septum and are continuous with the 
oxytalan systems of the neighbouring teeth, while others fan out in the 
gingiva. The most important group of oxytalan fibres with respect to the 
tissue pressure or blood pressure theory is a group running within the 
periodontal ligament. The fibres of this group are embedded in the root 
cementum at one side. Close to the cementum they run more or less perpen-
dicular to the root surface, but then at a distance they bend and continue 
in an apical direction. Many of these fibres are ending in the walls of 
blood vessels in the periodontal ligament and in the periapical region. 
According to Sims (1973, 1975) these oxytalan fibres play a role in the 
regulation of the blood flow through the vascular system and therefore 
in the regulation of the local blood pressure and tissue fluid pressure. 
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1.2.3.6. Summary 
In this summary an attempt is made to describe the highest common factor 
for the morphological development of teeth with a limited eruption which 
can be extracted from the data presented in the previous sections. 
Before crown formation is completed fibroblasts overlying the surface of 
the crown are formed. These cells eventually produce the first collagenous 
fibres which are orientated in the same direction as the fibroblasts. A 
capillary plexus is found between these structures. When the crown forma-
tion is nearly complete the first oxtalan fibres are found in the dental 
sac. As root formation starts cellular proliferation of Hertwig's epithe-
lial root sheath increases rapidly and pulpal and periapical cells also 
show a considerable mitotic activity. The first root dentine is then layed 
down and in most species cementum is deposited against the root dentine. 
The collagenous fibres within the periodontal ligament reorientate and are 
embedded in the root cementum at one end. From there they run obliquely 
in a coronal direction. Oxytalan fibres are also embedded in the root 
cementum and their orientation is more or less perpendicular to the colla-
genous fibres. In the periodontal ligament they bend in an apical direction. 
These fibres are very often related to the walls of the blood vessels in 
the periodontal ligament and the periapical region. 
During the root formation many mitoses take place in the pulpal and the 
periapical regions. No orientation can be distinguished in the loose connec-
tive tissue between the apex and the fundic bone. The pulpal tissue is 
separated from the periapical tissue by a so-called pulp limiting membrane. 
In this stage of the root formation the development of the periodontal 
ligament can be followed alongside the developing root, the earliest 
development in the apical region and the further development more cer-
vically. In the periodontal ligament an intermediate plexus develops in 
the more cervical regions and the fibres embedded in the root cementum 
begin to extend to the alveolar bone. 
After emergence from the alveolar bone the teeth become influenced by 
chewing forces. At this time changes take place in the structure of 
the periodontal ligament. A free gingival fibre bundle is formed, the 
layer of fibrous connective tissue covering the crown begins to show 
signs of lysis, inflammatory cells appear in this region and the number 
and the thickness of the oxytalan fibres increases. 
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When occlusion is attained the amount mitoses in the periapical region 
decreases, although some mitotic activity is still present. The vascular 
system is then completed. Most of the vessels in the periodontal ligament 
are in the vicinity of the alveolar bone forming a plexus. These vessels 
are mostly derived from the intra alveolar and the inter alveolar arteries. 
At the same time the oxytalan fibre system develops in such a way that the 
relation between the vascular system and the oxytalan fibre system remains 
comparable. 
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1.2.4. Experimental evidence 
1.2.4.1. Introduction 
In the following sections a review of the experimental data which support 
or oppose the different theories of tooth eruption will be given. The 
sections are arranged in the same way as in the previous part. Each section 
deals with one of the theories. 
Because of the fact that only very limited experimental data are available 
over teeth with limited eruption, data from investigations on teeth with 
a continuous eruption are also utilized. 
1.2.4.2. Collagenous fibres and fibroblasts 
Most of the experiments aiming at the localisation of the eruptive mechanism 
within the periodontal ligament which are described below, do not give evi-
dence whether the forces originate from the collagenous fibres of from the 
fibroblasts. Therefore the experiments concerning both structures are des-
cribed together in the following paragraph. 
The origin of the collagenous fibres in the periodontal ligament is inves-
tigated by means of transplantation experiments. Hoffman (I960) and Barton 
and Keenan (1967) transplanted molars of new born hamsters. Ten Cate et al. 
(1971) used juvenile mouse molars. In all these experiments the tissue of 
the dental sac gave rise to cells which produced cementum and collagenous 
fibres. In the experiments of Barton and Keenan (1967) the deposition of 
enamel was locally disturbed and at those places cementum was deposited 
against the dentine of the crown in stead of enamel. The collagenous 
fibres in the coronal region of the developing periodontal ligament were 
embedded at one side in this ectopic cementum, thus forming Sharpey's fibres. 
This phenomenon as well as the fact that after the transplantation into the 
cheek or into the back of the animal a periodontal ligament develops, which 
includes the formation of the Sharpey's fibres, is a contradiction to the 
theory that the chewing forces induce the formation of the Sharpey's fibres. 
The transplanted teeth also became surrounded by bone but whether this 
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bone was deposited by cells derived from the transplanted dental sac or only 
induced by the transplanted tissues is not completely clear (Barton and 
Keenan, 1971; Freeman et al., 1975; Hoffman, 1960; Ten Cate and Mills, 1971; 
Ten Cate et al., 1971) although the last possibility seems to be the most 
likely (Freeman et al., 1975). 
In the transplanted situation some of the molars which were well orientated 
erupted through the epithelium of the cheek (Ten Cate and Mills, 1971). This 
could be an indication that eruption is induced by intrinsic factors which 
are localized within the developing tooth and its anchoring system, and that 
it is not regulated by extrinsic, environmental factors. 
Several types of experiments have been carried out in an attempt to 
answer the question whether the collagenous fibres once deposited and 
anchored in tooth and alveolar bone regulate the eruption. In the first 
place drugs influencing the collagen production are introduced into 
animals, or vitamins or other factors involved in the production of collagen 
are omitted from their diet. In the second place operative procedures are 
developed to influence the possibility of the collagenous fibres to 
exercise their influence on eruption. Both approaches have their 
disadvantages. The administration of drugs or the omission of factors 
influencing the collagen production will exert an influence upon the whole 
animal. Influences upon the eruption of teeth by this type of intervention 
may not be due to the influence upon the collagenous fibres in the 
periodontal ligament itself, but they may for example be due to alterations 
in the overlying alveolar bone, changes in structure of the cementum or 
changes in the structure or physical properties of the oral mucosa or 
even to an overall weakness of the animal. The operative procedures on the 
other hand may introduce an inflammatory process at the site of the 
operation and may influence not only the collagenous fibres but also the 
tissue fluid pressure, the blood supply and the mitotic activities of the 
cells in the region involved. 
In the first category in which chemical substances are administered or 
omitted some experiments are carried out with so-called lathyritic agents. 
These drugs interfere in the process of collagen maturation, by inhibiting 
the process of cross-linking in the collagen (Ross, 1968; Shoshan and 
Finkelstein, 1968). The lathyritic agent that is commonly used in eruption 
experiments is Amino-acetonitrile (A.A.N.). When administered in rats 
A.A.N, induced a decrease in the impeded and unimpeded eruption rate of the 
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incisors (Michaeli et al., 1975; Thomas, 1965, 1967). However Berkovitz 
et al. (1972) and Sarnat and Sciaky (1965) are of the opinion that the 
unimpeded eruption rate was not influenced by the administration of the 
drug, although the impeded eruption rate was reduced. 
Vitamin С plays a role in the formation of collagen (Barnes and Kodicek, 
1972) and in Vitamin С deficient animals the collagen synthesis is 
significantly reduced (Harkness, 1968). Berkovitz (1974) found, in Vitamin С 
deficient guinea pigs, significantly lower eruption rates for impeded as well 
as for unimpeded incisors. However, he also states that the vascular system 
and other systems are affected by the Vitamin С deficiency and so these 
results give no conclusive evidence about the role of the collagenous fibres 
in the process of tooth eruption. 
The same is true for Magnesium deficient animals. Magnesium acts as a co­
enzyme with different enzymes and so Mg-deficiency interferes with the 
production of ground substance in the parodontal ligament and the maturation 
of collagen (Weinreb et al., 1972). In Mg-deficient rats the unimpeded 
eruption rate of the incisors is normal, while the impeded eruption rate is 
slowed down (Kusner et al., 1973; Weinreb et al., 1972). An indication that 
not only the collagenous fibres in the parodontal ligament are affected is 
described by Weinreb et al. (1972) who showed that the enamel epithelium in 
the deficient rats was destroyed and that the deposition of the dentine was 
irregular. 
Experiments in which operative procedures are performed in order to 
influence the activity of the collagenous fibres form the other category of 
experiments used to elucidate the role of the collagenous fibres in the 
eruption process. 
To get an indication of which part of the fibres could be held responsible 
for the exercise of the eruptive forces, Melcher (1967a, b) drilled holes in 
the mandibles of rats in such a way that the bore-hole extended into the 
root cementum of the incisor. After an experimental period of four days 
histologic evaluation revealed that the collagenous fibres which were 
embedded in the cementum followed the incisor in its eruptive movements, 
while on the other hand the fibres embedded in the alveolar bone maintained 
their position in relation to the bone. These results make the existence of 
an intermediate plexus or at least a zone of high collagen turnover in the 
periodontal ligament likely. 
In another series of experiments, however, Melcher and Correira (1971) found 
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that if the same techniques were performed upon rodent molars, all collage-
nous fibres of the periodontal ligament moved along with the still erupting 
molar. So in this case the turnover of the collagen which is necessary for 
the collagenous fibres to exert their eruptive forces would take place at 
the bony surface of the alveolar bone. Van Bladeren (1971) also found struc-
tural differences between the periodontal ligaments of rodent incisors and 
molars. He speculated that these structural differences were also caused by 
differences in eruption rates. In this respect experiments in which the 
eruption of teeth was stopped by means of operative procedures are of im-
portance. Eccles (1965) reported that if the eruption of the incisors of 
older rats was stopped, the intermediate plexus disappeared. In these expe-
rimental animals root formation and cementum deposition continued resulting 
in a concertina like deformation of the apical part of the root and sometimes 
in some resorption of the fundic bone. On the other hand Eccles (1959) showed 
that in fast erupting rodent molars an intermediate plexus was present. 
Autoradiographic studies to reveal the turnover rate of the collagenous 
fibres in the intermediate plexus as compared to the rest of the periodontal 
ligament showed no significant differences between the two regions (Crumley, 
1964, Eccles, 1962; Magnussen, 1968). In molars of rodents the highest rate 
of collagen turnover was found at the bone side of the periodontal ligament 
(Anderson, 1967, Crumley, 1964; Stallard, 1963). 
Another experimental approach to elucidate the role of the collagenous fibres 
is the method of root transection or the resection of the apical part of the 
root. In these experimental set ups other factors that may influence the 
eruption as for instance periapical cell proliferation and periapical tissue 
fluid pressure, were eliminated and the eruption was only influenced by the 
forces orginating from the periodontal ligament. 
Experiments in which root resection or root transection is performed are 
reported by Herzberg and Schour (1941), Berkovitz (1971a, b), Berkovitz and 
Thomas (1969) and Moxham and Berkovitz (1974). All these experiments 
revealed that operative removal of the apical part of rat incisors or root 
transection combined with fixation of the apical part had no significant 
influence upon the eruptive movements of the incisai part. According to 
Berkovitz (1971a, b) ; Berkovitz and Thomas (1969) and Moxham and Berkovitz 
(1974), these results indicate that the prime mover of erupting teeth is 
located within the periodontal ligament. 
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Whether or not this prime mover is situated in the collagenous fibres or 
in the fibroblasts remains unclear. 
The evidence found in the literature about the fibroblastic role in the 
eruption process is only circumstantial. Beertsen et al., (1974) described 
microfilaments within the cytoplasm of fibroblasts in the periodontal liga-
ment of rat incisors. Gabbiani et al. (1972) and Ryan et al., (1974) had 
found these microfilaments in fibroblasts in granulation tissue. Because of 
their contractile properties Gabbiani et al. (1972) called this type of 
cells myofibroblasts. By means of their contractile properties these myofi-
broblasts could exert forces on the surrounding structures. This could for 
instance be the case in wound contraction (James, 1964, 1969; Ross, 1968; 
Ten Cate, 1974). Ness (1967) suggested that the fibroblasts might provide 
the eruptive force within the periodontal ligament. Occlusal movements of the 
fibroblasts at the dental side of the periodontal ligament during the erup-
tion of rodent incisors were described by Melcher (1967), Chiba (1968) and 
Beertsen (1975). These observations, and the findings of Azuma et al. (1976) 
that myofibroblasts were observed in moderate amounts within the periodontal 
ligament during the enamel forming stage as well as in the root forming stage 
of rat molars have led to the conclusion that these cells provide a propul-
sive force that produces or contributes to the movements of the teeth during 
eruption (Azuma et al., 1976). 
This information more or less favours the theory that the eruptive force ori-
ginates from the periodontal ligament. On the other hand experiments have been 
carried out in which root formation and development of the periodontal liga-
ment have been prevented by means of X-ray irradiation by Gowgiel (1961, 
1967). No periodontal ligament was present around these molars but eruption 
still took place. However, the eruption rate was slowed down. The same 
phenomenon had already been described by Massler and Schour (1941) in 
humans where rootless teeth often erupt without a concomitant elongation 
of the root. These results indicate that the prime mover of these erupting 
teeth is not located within the periodontal ligament. Also experiments car-
ried out by Cahill (1969) give an indication in that direction. If he pre-
vented the eruption of non-emerged premolars in dogs, bone resorption oc-
clusal to the crown still proceeded. He concluded that this bone resorption 
was independent of the forces exerted by the erupting tooth and that the 
mechanism of tooth eruption was not located in the periodontal ligament. 
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1.2.4.3. Periapical cell proliferation 
Experiments concerning periapical cell proliferation are mostly carried out by 
means of labelling the dividing cells with tritiated thymidine. Some of the 
evidence presented over the role of the periapical cell proliferation in the 
eruption process is circumstantial. 
Lavelle (1967) found that the eruption rate of rat incisors was continuous 
throughout their life span. In 1968 Lavelle showed that cell proliferation 
in the apical region of rat incisors decreased slowly from birth to about 
30 days of age. From that time on it remains unchanged, while the mitotic 
activity of other tissues decreases with increasing age (Lavelle, 1968a). 
When the eruption of a rat incisor was prevented, the cell proliferation 
in the apical region continued and fundic bone resorption took place. This 
indicates a considerable pressure in the apical region of the restrained 
incisor (Lavelle, 1968b; Ness, 1956). This phenomenon is accompanied by a 
condensation of the cellular population in the periapical region. In other 
experiments in which the eruption of rodent incisors was prevented, 
concertina like foldings appeared at the apical side of the incisors 
indicating that in those cases the pressure which is built up in the 
periapical region was too small to induce bone resorption. The cellular 
proliferation however continues and thus results in the folding of the 
root (Berkovitz, 1972; Weinreb et al., 1968). Weinreb et al. (1968) describe 
a continuation of the deposition of cementum on the restrained tooth and, 
remarkebly, a reduction of the eruption rate of the conra-lateral 
non-restrained incisor. 
On the other hand experiments of Ness and Smale (1959) and Michaeli and 
Weinreb (1968) who grinded rodent incisors out of occlusion revealed that 
the unimpeded eruption which is about twice as fast as the impeded eruption 
rate, was acompanied by an increase in mitotic activity in the periapical 
cell population. This increase in the amount of mitoses was proportional to 
the increase in eruption rate (Michaeli et al., 1972; Zajicek et al., 1972). 
Another approach to the problem of the periapical cell proliferation is the 
use of anti-mitotic drugs. Berkovitz (1972) used Demecolcine as well as 
Triethanomelamine, drugs which both reduce the amount of mitoses. 
Administration of each of these drugs resulted in a decrease in the 
unimpeded eruption rate, but it should be considered that the animals in 
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these experiments showed an overall poor condition. Furthermore the effects 
of the drugs are too wide spread to be able to draw any conclusions about 
the mechanisms whereby the eruption rate is retarded. Thus as Triethanome-
lamine will affect, for example, the cells in the intestine, the effect 
may also be related to nutritional disturbances (Berkovitz, 1972). 
1.2.4.4. Tissue fluid pressure 
Experimental data concerning the tissue fluid pressure as an eruptive 
mechanism may be divided into two categories. In the first place experi-
ments have been carried out to measure the actual pressure deep to a 
developing tooth related to the pressure in surrounding structures. The 
other category of experiments attempts to influence the eruption process 
by hypotensive or hypertensive drugs or by inactivation of the vasocon-
strictor system by cutting the suitable nerves. 
The fact that differences in vascular pressures in the periapical region 
are indeed capable of inducing tooth movements is shown by Körber (1970) 
who found that hunan incisors pulsate in phase with the arterial pulse. 
Several experiments have been carried out to investigate the magnitude of 
the pressure within the pulpal-periapical pressure chamber. In most of the 
experiments the canine teeth of dogs were used (Brown, 1968; Brown et al., 
1969; Stenvik et al., 1972; Van Hassel and Brown, 1969; Van Hassel and 
Mc Minn, 1972). From these experiments it became clear that the pulpal 
pressure is a pulsating pressure and according to most of the authors, 
the pulpal pressure was higher than the pressure measured in the surroun-
ding tissues. The pressure measured within the pulp varied from 0 to 
60 mmHg, the most probable value being approximately 25 rmiHg. 
More interesting than the value of the pulpal pressure itself is the 
pressure differential that might exist between the pulpal-periapical pres-
sure chamber and the area occlusal to the erupting tooth. Van Hassel and 
Mc Minn (1972) have measured this pressure differential in canine teeth of 
dogs and found it to be approximately 13 mmHg. They calculated that for 
the permanent dog canine this differential will lead to an eruptive force 
of about 15 gms (Van Hassel and Mc Minn, 1972). 
A similar pressure differential exists between the pulp and the periodontal 
ligament, indicating that the pulpal-periapical pressure chamber is sealed 
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off from the periodontal ligament (Lamb and Van Hassel, 1972). 
The information obtained from experiments with hypotensive or hypertensive 
drugs is not conclusive. Main and Adams (1966) carried out some experiments 
on rabbits using Guanethidine and Hydralazine, both hypotensive drugs which 
caused a 20 per cent reduction in the arteriolar blood pressure, but at the 
same time an increase of about 20 per cent was found in the capillary blood 
pressure in the ear. No change in the eruption rate of the incisors was 
observed. 
On the other hand Lityin and De Marco (1973) elevated the blood pressure in 
rats using Vasopressine (A.D.H.) and they were able to obtain a significant 
increase ir. the eruption rate of the incisors. 
Bryer (1957) found in his series of experiments that a reduced vascularity 
resulted in a reduced eruption rate, while on the other hand an induced 
oedema resulted in an increase in the eruption rate. In none of these 
experiments however, an attempt was made to determine the tissue fluid 
pressure in the pulpal-periapical pressure chamber, so the results are 
rather inconclusive. 
Nerve transections are performed on the sympathetic nerve and the inferior 
dental nerve. Sympathectomy results in a loss of vasoconstriction and 
consequently in an increase in the tissue fluid pressure. King (1937) and 
Leist (1927) found an increased eruption rate following sympathectomy, but 
these results could not be confirmed by Miller (1957), Moss and Crikelair 
(I960) and Taylor and Butcher (1951). These authors could not find any 
change in eruption rates after sympathectomy. 
Transection of the inferior dental nerve also leads to a decrease in 
vasoconstriction and according to King (1937); Brown et al. (1961) and 
Bryer (1957) it results in an increase in eruption rates. Taylor and 
Butcher (1951), however, found no effect. 
A rather confusing observation is reported by Devoto et al. (1966) who 
describe that after unilateral section of the inferior dental nerve the 
incisor on the operated side erupted at a normal rato, "'hile the contra 
lateral incisor showed a decrease in its eruption rate. 
34 
1.2.4.5. Summary 
Transplantation experiments have revealed that the collagenous fibres in 
the periodontal ligament, the cementum and the Sharpey's fibres are all 
structures which differentiate from the tissues of the dental sac. 
The organization of the periodontal ligament seems to be dependent on the 
eruption rate of the tooth concerned. An intermediate plexus appears to 
be present only in fast erupting teeth and so it is likely that the site 
of the collagen turnover within the periodontal ligament also changes with 
changes in the eruption rate. 
Experiments with lathyritic agents, Vitamin С and Magnesium deficiencies 
have revealed that in this kind of experiment it is usually the impeded 
eruption rate which is slowed down, while the unimpeded eruption rate is 
unaffected. 
Root transection and root resection experiments have shown that the in­
cisai part of a rodent incisor is still capable of erupting although it 
is disconnected from its apical part. These results may indicate that the 
eruptive forces emerge from the periodontal ligament. 
The eruption of rootless teeth, which have been induced experimentally 
by X-ray irradiation or which have been formed due to a deviating morphoge­
nesis, indicates on the other hand that the periodontal ligament is not 
indispensable in the eruption process. 
The indications derived from these experiments do not point exclusively 
in the direction of the role played by the collagenous fibres in the 
eruption process. They may also be regarded as indications that the fibro­
blasts are involved. Direct evidence that fibroblasts are involved is 
not available. The contractile properties of some of the fibroblasts, 
the so called myofibroblasts, appear to play a role in wound contraction. 
They are also present in the periodontal ligament, they move with the 
erupting tooth and so they may play a role in the eruption process. 
The same kind of circumstantial evidence results from several experiments 
on the periapical cell proliferation. The eruption rate of rodent incisors 
is constant during the life span of the animals and so is the mitotic 
activity within the periapical region of the rodent incisors. 
If in experimental rodents the eruption of their incisors is stopped, 
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indications are found that the cellular proliferation in the periapical 
region continues, and this gives rise to an increase in pressure in the 
periapical region. On the other hand unimpeded rodent incisors erupt twice 
as fast as the impeded incisors. This phenomenon is accompanied with a 
proportional increase in the amount of mitoses in the periapical region. 
The influences of antimitotic drugs are too wide spread and it is therefore 
difficult to draw conclusions from the experiments that have been carried 
out with these drugs. 
Pressure measurements have been carried out deep to and superficial to 
erupting dog canine teeth. These measurements reveal a pressure differential 
favouring the eruption of the tooth. The results of the experiments with 
hypotensive or hypertensive drugs are not conclusive, although some indica-
tions are found that elevation of the blood pressure results in an increase 
in the eruption rate of rodent incisors. An induced oedema would also in-
crease the eruption rate. 
Nerve transections which might influence the blood pressure give rather 
inconclusive results. Some authors describe an increase in eruption rate, 
while others state that no effect can be observed. 
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1.2.5. The eruption pattern 
The movement of the developing tooth from its position within the bone 
to its functional position is generally divided into three phases, the 
pre-eruptive phase, the pre-functional phase and the functional phase 
(Berkovitz, 1976) or the pre-eruptive, the eruptive and the post eruptive 
phase (Ten Cate, 1976). The last three terms can be regarded as synonyms 
for the first three. 
In the first phase of the process, the pre-eruptive phase, the crypt in 
which the tooth is developing expands in all directions (Fanning, 1961). 
The position of the developing tooth related to the inferior border of 
the dental canal or the lower margin of the mandible remains constant in 
this phase according to Darling and Levers (1975), Diamond and Applebaum 
(1941), Fanning (1961) and Landsberger (1924). However according to some 
other authors (Brodie, 1934; Cahill, 1969; Carlson, 1944 and Weinmann, 
1941) the distance from the tips of the cusps of the developing teeth to 
the lower margin of the mandible slowly increases during the pre-eruptive 
phase. 
Apart from a slow vertical movement that might take place in the pre-
eruptive phase, a lingual tipping of the developing tooth within its crypt 
occurs (Hoffman and Schour, 1940; O'Brien et al., 1958). 
It is not quite clear at which stage of the development of the tooth 
the transition from the pre-eruptive to the eruptive or pre-functional 
phase takes place. This second phase is characterized by a relatively fast 
migration of the tooth germ. It may start at the time the crown formation 
is completed (Shumaker and El Hadary, 1960), at the time the root formation 
is started as revealed by histologic techniques (O'Brien et al., 1958), at 
the time the root formation becomes visible on radiographs (Darling and 
Levers, 1975) when the root formation has already started (Weinman, 1941; 
Cahill, 1969) or in some cases even when the root formation is quarter com-
plete (Bodegom, 1969). 
Although no doubt exists about the rapid movements of the cusps of the 
teeth in the eruptive phase, some differences of opinion exist about the 
movements of the apices. According to Shumaker and El Hadary (1969) the 
apices move slowly in an occlusal direction. Darling and Levers, (1975) 
however state that the position of the apex is stable during the eruptive 
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phase, and Carlsson (1944) initially measured an apical movement of the 
apex of about 2-4 mms which converts into an occlusal movement. 
The starting point of the third phase, the functional or post eruptive phase, 
might be defined as the attainment of occlusal contact. Once occlusion has 
been established, a rather stable situation is achieved in which only a slow 
occlusal movement might occur. The slowing down of the rapid eruptive 
movements commences before occlusion is attained (Cahill, 1969). This might 
be due to the chewing forces which act upon the erupting tooth as soon as 
the cusps penetrate the alveolar bone. 
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1.2.6. Discussion about the literature 
After reviewing the literature it becomes clear that a large amount of 
data is available which concerns the process of tooth eruption. The informa-
tion about the morphogenesis of the teeth and their surrounding structures 
may produce the highest common factor involved in the major processes of the 
development. However, much information does not tally. These differences 
probably originate from differences in experimental set up. Many authors 
relate their observations on the development of the attachment apparatus 
to other morphological phenomena as the onset of the root formation. 
In the first place the same definition of the onset of the root formation 
is not used in all the literature mentioned. It differs from the first 
proliferation of Hertwig's root sheath or the first deposition of root dentine 
to the first deposition of mineralized tissues as visible on radiographs. But 
what presents a more serious problem is that in general only very limited 
age groups have been studied and therefore it is not possible to establish 
the onset of the root formation accurately at all, for the age at which the 
onset of the root formation is described, is in fact the earliest age in 
which a forming root was found. This causes an inaccuracy especially for 
animals in which a rapid development takes place as for example rats and 
mice. 
The same holds true for the description of the morphology at the time the 
tooth has emerged from the alveolar bone and the tooth becomes influenced 
by for example chewing forces. 
For this reason and maybe because of some inter-species differences it is 
not easy to describe a generally valid morphological development of teeth 
and their surrounding structures in detail. 
However, for the interpretation of the data drawn from the experimental 
research, knowledge of the development of the structures involved is 
necessary. To understand the process of tooth eruption a causal 
relationship has to be established between the morphologic development and 
the physiological processes involved. 
Most of the experimental research is performed on rodent incisors. This 
experimental model has been chosen, among others, because of the fact that 
those incisors are continuously erupting. The eruption rate is more or 
less constant during a long period and therefore changes in eruption rates 
can be easily detected. Different experimental interventions can influence 
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the eruption rate and might give results that lead to a better understan-
ding of the eruption process. However, the continuously erupting rodent 
incisor is an exeptional kind of tooth in an exeptional situation. In the 
first place the morphology of the rodent incisor is different from that of 
a tooth with a limited eruption. Rodent incisors are on the lingual aspect 
covered with cementum. The labial aspect is covered with enamel in which 
no collagenous fibres are attached. This means that the attachment appa-
ratus in rodent incisors is differently organized compared with that of 
teeth with a limited eruption. It is obvious that these morphological 
differences will result in differences in mechanical stress distributions 
within the periodontal ligament of the two types of teeth under similar 
circumstances. Furthermore the proportion of the part of the periodontal 
ligament in which an attachment apparatus is established to the part in 
which it is still developing is larger in rodent incisors than in teeth 
with a limited eruption, during their eruption. So mechanical forces which 
act in an apical direction on rodent incisors are transmitted to a lesser 
extend to the periapical region than similar forces in teeth with a limited 
eruption. Apart from the morphological dissimilarities it has to be 
realized that the rodent incisor measurements are carried out on teeth in 
which the attachment apparatus is already well established and in which 
the teeth are under the influence of chewing forces and occlusion. 
So the conclusions drawn from these rodent incisor experiments are in fact 
only valid for the post eruptive phase and they are eventually only com-
parable to the post eruptive phase of teeth with a limited eruption. It 
may well be possible that in that stage of the eruption process other 
mechanisms are involved than in the eruptive phase and the pre-eruptive 
phase to which this investigation is restricted (see par. 1.2.1.). 
From the information discussed in the previous paragraphs concerning the 
experimental data it may become clear that very little conclusive evidence 
is present. Several reasons for this situation can be put forward. 
-In the first place the complexity of the structures involved in the process 
plays a role. It is very difficult to differentiate between the activity 
of the different components as for example the collagenous fibres and the 
fibroblasts in the periodontal ligament. 
-Secondly the mechanisms involved in the development of the structural ele-
ments which might play a role in the eruption process are commonly found 
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in the whole body. This means that influencing these mechanisms (as for 
example collagen synthesis, mitoses, blood pressure) in a systemic way, 
which is the only way possible, will also influence the other structures 
that may be involved, and more generally, will exert an influence on the 
overall condition of the animal. 
-A third reason for the discrepancy between the experimental results is 
found in the contradictory results of different experimental set ups. On 
the one hand large series of experiments indicate the localization of the 
eruptive forces within the periodontal ligament and on the other hand ex-
perimental introduction of rootless teeth as well as clinical data about 
rootless teeth show that eruption without a periodontal ligament is still 
possible. Another example of contradictory results is found in the expe-
riments concerning the influence of blood pressure and tissue fluid pres-
sure. Some athors state that changes in blood pressure or tissue fluid 
pressure do not influence the eruption of teeth, while others have found 
that a rise in the blood pressure as well as a rise in the tissue fluid 
pressure result in an increased eruption rate. 
-The fourth reason is found in the fact that some of the results found in 
the literature are only circumstantial. For example the arguments put 
forward which favour the role of the fibroblasts within the periodontal 
ligament or the mitoses in the periapical region are circumstantial. 
-Finally, a factor that reduces the evidence of the data, especially those 
obtained from experiments on teeth with a limited eruption, is that the 
causal relationship between the experimental data and the eruptive move-
ments of the tooth concerned is lacking. Often authors suppose that teeth 
are in a prefunctional eruption phase during their experiments because 
of the fact that root formation is visible, histologically or on radio-
graphs, although no measurements of tooth movement have been made. 
These factors complicate the interpretation of the literature on tooth 
eruption considerably. It is therefore useful to try to find the causal 
relationships within one experimental model. This should then be res-
tricted to the pre-eruptive and eruptive phases of eruption of teeth 
with a limited eruption pattern. 
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1.3. AIM OF THE INVESTIGATION AND ORGANIZATION OF THE STUDY 
As has been shown in the previous sections several factors may be respon-
sible for the difficulties concerning the interpretation of the data from 
the research on tooth eruption. Some of these difficulties originate from 
the variety of experimental models used, others from a fragmentary documen-
tation of the eruptive movements and the developmental stages of the 
structures involved. 
This investigation aims at an accurate description of the various variables 
which are involved in the eruption process using one experimental model. 
Consequently the model has to fulfil several conditions. For example the 
study of the pre-eruptive as well as the eruptive movements must be possible, 
the eruption process has to be rather slow in order to enable an accurate 
documentation, the teeth involved should have a limited eruption, a deciduous 
as well as a permanent dentition should be available and the experimental 
model should be easy to handle. 
Once the experimental model has been chosen, the experimental set up will 
be as follows: first an accurate documentation of the growth and the 
movements of the teeth and their surrounding structures will be performed 
from the pre-eruptive phase up to the achievement of occlusion, this part 
of the investigation being carried out on serial standardized radiographs. 
Associated with the measurements on the growth and the movements a 
documentation of the developmental stages, which can be radiographically 
defined, will be performed. 
This part of the investigation might lead to the determination of some 
regularities and relations in time which might exist in and between 
the morphological development of the teeth involved and the eruptive 
movements. Once the experimental period is complete the animals will 
be sacrificed and a histological evaluation of the teeth and their 
surrounding structures in the stable situation will be performed. 
Based on the results of this first series a determination of stages 
which may be of particular interest will take place, and a second series 
of experimental animals will be used. If possible the regularities found 
in the first series will be used for the prediction of the ages on which 
the defined stages may be reached. The second series will also be fully 
documented by means of serial radiographs. After the sacrifice of the 
animals at the time when they have reached a certain stage, histological 
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evaluation of the teeth and their surrounding structures will be performed. 
Based on the results of the two series an attempt will be made to find 
a relationship between the eruptive movements of the teeth and the 
development of the different structures that may be involved in the 
eruption process. Knowledge of these relations might lead to a better 
understanding of the mechanisms involved in the process of tooth eruption. 
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2. MATERIAL AND METHODS 
2.1. EXPERIMENTAL ANIMALS 
The experiments for the present investigation were carried out on female 
Beagle dogs. These animals were chosen because of the following points: 
The teeth to be studied should have a limited eruption process. The animals 
had to be large enough to make standardized radiographs of the developing 
teeth and the mandibles possible without superimposition of other struc­
tures. The development of the teeth involved has to start in the post 
natal period and it has to be slow enough to allow an accurate documen­
tation by means of large series of radiographs. The experimental animals 
must have preferably two generations of teeth, a decicuous and a permanent 
dentition. The experimental animals must have a known background, and the 
normal growth and development of the animals has to be well documented. 
Finally the animals must be easy to handle. Dogs, and especially Beagle 
dogs fulfil most of these requirements. The use of female dogs only is 
based on the data reported by Kremanak (1967) and Shabestari (1967) about 
the emergence of permanent teeth in Beagle dogs. They have shown that sex 
differences in the pattern of emergence exist and that the variation in the 
age of emergence of different teeth in females is smaller than in males. 
For this investigation two series of female Beagle dogs were obtained from 
the same commercial dog breeder. The first series was obtained at an age 
of 35 days, the second series at an age of 42 days. 
All animals were kept in the Central Animal Laboratory (CDL) of the 
University of Nymegen (Director: Dr.J.I. v.d. Gulden). The animals were 
caged in groups of three to four dogs in cages measuring approx. 2 χ 1.5 m. 
They were kept under normal laboratory conditions, fed with standardized 
pelleted dog food and drinking water was given ad libitum. 
The animals were distributed in the cages according to their weights. 
During the experimental period the composition of the groups was changed 
from time to time, avoiding, in this way, large weight differences within 
the groups. 
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2.2. OPERATIVE PROCEDURES 
Before the onset of the radiographic experiments, metal bone markers were 
placed in the ventral margin of the mandibles. 
The implantation of the metal bone markers was carried out under general 
anaesthesia. The animals were premedicated with an intramuscular injection 
D 
of Nesdonal 15 mg/kg body weight, followed by 0.25 ml/kg atropine sulphate. 
The animals were intubated and artificial respiration was provided. The 
gas mixture used contained Halothane as an anaesthetic agent in a N20/02 
mixture. 
The animals were placed on their backs and covered with surgical towels so 
that only their mandibles were exposed. The operations were performed under 
optimal sterile conditions. The skin was cleaned with Betadine and for 
each bone marker a longitudinal skin incision of about 1 cm'was made under 
the ventral margin of the mandible. 
As bone markers, small sterilized pins of tantalum measuring 1.2 mm in 
length and 0.5 mm in width were used. One end was pointed. According to the 
method of Björk (1968) these metal bone markers were boiled in 10 per cent 
nitric acid prior to the sterilization. 
For the implantation of the bone markers an instrunent such as that 
developed by Björk (1955) was used. The apparatus was modified in such a 
way that the pointed end of the bone marker just emerged out of the appara-
tus before the implantation. Because of this the bone marker could be more 
easily fixed on the sharp edge of the mandible and the implantation could 
be performed with more accuracy. Three metal bone markers were haimered 
into the cortical bone of the mandibles. The markers were placed into the 
ventral margin of the mandibles deep to the m2, the m3 and as far distally 
as possible. 
After the implantation of the bone markers the skin was sutured with linen 
thread, and radiographs were taken. In cases in which the bone markers 
appeared to be inadequately placed, a new bone marker was placed instead of 
or in addition to the loose one. 
In cases in which a metal bone marker became loose during the experimental 
period an additional one was placed. 
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2.3 RADIOGRAPHIC PROCEDURES 
Standardized oblique-lateral radiographs were made twice a week of the 
right and left halves of the mandibles of each of the dogs. 
The animals were premedicated with 15 mg/kg Nesdonal intramuscularly, and 
D 
anaesthetized with 0.1 ml/kg Thalamonal . This procedure resulted in a 
general anaesthesia of approximately 15 mins. Within that time the 
radiographs were made, using a cephalostat which was especially constructed 
for these experiments. 
The cephalostat consisted of a wooden tray in which the dog could be placed. 
On this tray adjustable ear pins were mounted, as well as a pin in the 
mid-sagittal plane which was adjustable in a rostro-distal direction. The 
adjusting mechanism of the ear pins was constructed in such a way that the 
position of the two ear pins was always synmetrical towards the mid-sagittal 
plane (fig. 2.1.)· 
The horizontal tray could be rotated around a vertical axis in the 
mid-sagittal plane between the ear pins and the adjustable pin in the 
mid-sagittal plane. It could be fixed in two positions. In both fixed 
positions the mid-sagittal plane made the same angle of approximately 
70 with the central X-ray beam, so the radiographs were taken about 
three quarter profile. The X-ray source was mounted on a wall at a distance 
of 2.6 m away from the axis of rotation of the cephalostat. The vertical 
position of the X-ray source was 1.5 m above the cephalostat, so the 
distance between the focus and the rotation point of the cephalostat was 
3.0 m. The angle between the central X-ray beam and the horizontal was 30 . 
The anaesthetized animal was placed in the cephalostat, the ear pins were 
adjusted in the external auditory canals and the adjustable pin in the 
mid-sagittal plane was placed between the mandibular central incisors at 
the gingival margin. The mouth of the dog was then opened wide and was held 
in that position by a sheet of cardboard (fig. 2.2.). 
Then the X-ray film was placed on a board resembling a bookrest which could 
be placed in a standardized position perpendicular to the central X-ray 
beam at a distance of 5-10 cm behind the part of the mandible which was to 
be studied. The film used was Cronex Lo-Dose Mammography film with an 
image intensifier screen (Dupont). Exhausted black polyethylene bags served 
as a cassette. 
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Fig. 2.1. Cephlostat for standardized oblique 
lateral radiographs 
Fig. 1.2. Dog placed in cephalostat for radiograph 
of left halve of the mandible 
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One half of the film was then covered by a sheet of lead-rubber with a 
thickness of 1 mm, which was apparently dense enough to avoid exposure of 
the covered part of the film. 
A Philips Practix X-ray machine, adjusted to 20 mA and set at a voltage of 
90 KV, was used. The exposure time was 4 sees. After exposure the wooden 
tray with the dog in situ was rotated 140 into the other fixed position. 
The X-ray film holder was then replaced at the other side of the cephalos-
tat, the sheet of lead-rubber was shifted and a radiograph of the other halve 
of the mandible could be made. After exposure the films were processed 
in a R.P.X.Processor (Kodak), for a duration of 90 sees. 
This set up for the preparation of radiographs of the mandible has several 
advantages compared to normal lateral radiographs. In the first place the 
central X-ray beam is approximately perpendicular to vertical lines on the 
body of the mandible at the side furthest away from the X-ray source. 
Therefore the distortions of the vertical dimensions of the mandible and 
the teeth on the radiographs are minimized. It is true that in the chosen 
set up substantial distortions could be found in the horizontal dimensions. 
However, because of the fact that the mounting of the animals was reprodu-
ceable, the distortions were also reproduceable. Furthermore only vertical 
movements and dimensions were to be considered in this study. Another 
advantage of this set up was that superimposition of structures from the side 
nearest to the X-ray source over the structures of the halve of the mandible 
to be studied was avoided (fig. 2.3. and 2.4.). 
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Fig. 2.3. Radiographs of the left and right halves 
of the mandibles of one of the dogs at 99 days 
Fig. 2.4. Radiographs of the same dog as in fig. 2.3. 
at an age of 211 days 
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2.4. INTERPRETATION OF THE RADIOGRAPHS 
The radiographs were studied in two different ways. In the first place they 
were studied with the naked eye to determine the developmental stages of 
each tooth related to the age of the animal. In the second place a number 
of coordinates of defined points and structures were determined by means of 
a coordinate digitizing system. 
2.4.1. Developmental stages of the teeth 
Before the study of the radiographs, the different developmental stages of 
the teeth were defined. After a first screening of the radiographs some of 
the stages had to be abolished, because they were not clearly distinguishable. 
All stages were defined on the radiographs, which means that for example a 
stage such as "onset of root formation" should be read as "first onset of the 
root formation as visible on the radiographs". The following developmental 
stages have been determined for the teeth of both sides of the mandibles of 
all the dogs. 
CP1 : The crown of the PI is completed 
RP1 : Onset of the root formation of the PI 
BoPl : The crown of the PI starts to emerge from the alveolar bone 
ВІР2 : The bifurcation of the P2 is visible 
CP2 : The crown of the P2 is completed 
RP2 : Onset of the root formation of the P2 
BoP2 : The crown of the P2 starts to emerge from the alveolar bone 
-ml : Exfoliation of the deciduous first molar 
AP3 : The radiographic projections of the distal and the mesial cusps of 
the P3 touch each other. 
ВІРЗ : The bifurcation of the P3 is visible 
CP3 : The crown of the P3 is conpleted 
RP3 : Onset of the root formation of the P3 
ВоРЗ : The crown of the P3 starts to emerge from the alveolar bone 
-m2 : Exfoliation of the deciduous second molar 
AP4 : The radiographic projections of the distal and the mesial cusps of 
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the P4 touch each other 
BiP4 : The bifurcation of the P4 is visible 
CP4 : The crown of the P4 is completed 
RP4 : Onset of the root formation of the P4 
BoP4 : The crown of the P4 starts to emerge from the alveolar bone 
-m3 : Exfolation of the deciduous third molar 
AMI : The radiographic projections of the distal and the mesial cu 
of the Ml touch each other 
BiMl : The bifurcation of the Ml is visible 
CM1 : The crown of the Ml is completed 
RM1 : Onset of the root formation of the Ml 
BoMl : The crown of the Ml starts to emerge from the alveolar bone 
Fig. 2.5. Schematic drawing of a radiograph indicating the points of which the 
coordinates were digitized. 
2.4.2. Defining and processing of the coordinates 
On each of the radiographs a series of points and structures were defined. 
The coordinates of these points were digitized by means of the so called 
Optocom (v.d. Linden et al., 1972; Boersma and v.d. Linden, 1974). 
The Optocom consists of a X-ray viewer which is horizontally movable and 
above which a microscope is mounted. 
The radiographs were mounted on the X-ray viewer and a defined point could 
be digitized by moving the sliding X-ray viewer in a way that the point 
was aligned with a cross-wire which was mounted in the eyepiece of the 
microscope. The position of the sliding table could then be recorded in 
tenths of a millimeter by means of a data converter, which transmitted 
the data to a Teletype. The coordinates were typed out and punched in 
papertape. For each of the radiographs the following coordinates were 
















The points of two metal bone markers 
The tip of the decidous m2 
The tip of the deciduous m3 
The apex of the mesial root of the m2, mesial and distal from 
the projection of the apical foramen 
The bifurcation of the m2 
The apex of the distal root of the m2, mesial and distal from 
the projection of the apical foramen 
The apex of the mesial root of the m3, mesial and distal from the 
projection of the apical foramen 
The bifurcation of the m3 
The apex of the distal root of the m3, mesial and distal of the 
projection of the apical foramen 
The tip of the PI 
The tip of the P3 
The tip of the P4 
The tip of the Ml 
The apex of the root of the PI, mesial and distal from the 
projection of the apical foramen 
The apex of the mesial root of the P3, mesial and distal from 
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the projection of the apical foramen 
xlO : The bifurcation of the P3 
16+16' : The apex of the distal root of the P3, mesial and distal from 
the projection of the apical foramen 
17+17' : The apex of the mesial root of the P4, mesial and distal from 
the projection of the apical foramen 
xll : The bifurcation of the P4 
18+18' : The apex of the distal root of the P4, mesial and distal from 
the projection of the apical foramen 
19+19' : The apex of the mesial root of the Ml, mesial and distal from 
the projection of the apical foramen 
xl2 : The bifurcation of the Ml 
20+20' : The apex of the distal root of the Ml, mesial and distal from 
the projection of the apical foramen 
CRYPT PI: A series of coordinates (20-40) on the contour of the crypt of 
the PI digitized in a way that the first and the last coordinate 
are in the vicinity of each other 
CRYPT P3: Id. for the P3 
CRYPT P4: Id. for the P4 
CRYPT Ml: Id. for the Ml 
UPP MAN : A series of coordinates alongside the upper margin of the pro-
jection of the mandible starting distally from the cuspidate and 
following the margin to the ascending ramus of the mandible 
LOW MAN : A series of coordinates alongside the lower margin of the 
projection of the mandible starting apically from the cuspidate 
and following the margin to the area distal to the Ml 
UPP CAN : A series of coordinates alongside the upper margin of the 
projection of the dento-alveolar canal 
LOW CAN : A series of coordinates alongside the lower margin of the 
projection of the dento-alveolar canal 
All calculations performed on these digitized coordinates were carried out 
by the Department of Statistical Consultation (M.S.A.) of the University 
of Nymegen (Head: Drs. Ph. van Eiteren). 
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Because of the fact that the radiographs were not mounted on the X-ray 
viewer in a standardized way, the axes of the coordinate system in which 
the coordinates were digitezed on the Optocom varied for each picture. 
Due to the stable metal bone markers these coordinates could be converted 
into another coordinate system in which the X-axis is defined as a straight 
line parallel at a certain distance to the line through the coordinates of 
the bone markers, and the Y-axis as a straight line perpendicular to the 
X-axis with the origin situated at a defined distance distal from the 
most distal bone marker. The coordinate system was chosen in such a way 
that all the coordinates in the mandible were situated in the first 
quadrant, so they had all positive values. 
By means of these new coordinates the following parameters were computed 
for each of the radiographs. 






These distances characterize the growth of the various teeth and in the 
cases of the deciduous molars, the root resorption that takes place. 





These surface areas characterize the growth of the crypts. 
С The smallest distances in the Y-direction between the followino 
structures: 
CRYPT PI - UPP MAN 
CRYPT PI - LOW MAN 
CRYPT P3 - UPP MAN 
CRYPT P3 - LOW MAN 
CRYPT P4 - UPP MAN 
























CRYPT Ml - UPP MAN 
CRYPT Ml - LOW MAN 
These distances give an impression of the changes in the relative posi-
tion of the crypts within the mandible during the development and the 
eruption of the teeth. 
Scattergrams have been prepared from all the above listed parameters. 
D. The X coordinates and the Y coordinates of the tips of the teeth 
against the age: 
X3 VERSUS AGE Y3 VERSUS AGE 
X4 VERSUS AGE Y4 VERSUS AGE 
X9 VERSUS AGE Y9 VERSUS AGE 
X10 VERSUS AGE Y10 VERSUS AGE 
Xll VERSUS AGE Yll VERSUS AGE 
X12 VERSUS AGE Y12 VERSUS AGE 
These graphs give an impression of the movements of the tips of the 
various teeth during their development and eruption. 





These plots make it possible to differentiate between areas in the various 
margins that are rather stable and areas in which large amounts of bone 
growth or resorption take place. 
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2.5. HISTOLOGICAL PROCEDURES 
Prior to the sacrifice of animals intended for the histologic evaluation, 
the animals, which were already under general anaesthesia for the last X-ray 
picture, were given 0.5 ml/kg heparin (Thromboliquine ). After some minutes 
an overdose Nembutal was injected intravenously. The thorax of the animals 
was then opened and the vascular system was perfused via the arch of the 
aorta with physiologic saline until most of the blood was removed. This 
was immediately followed by the perfusion of 4 per cent neutral formaldhyde 
as a fixative. 
After the perfusion the mandibles were dissected and iimiersed in 4 per cent 
neutral formaldhyde for another two weeks. Then the mandibles were sawed 
into smaller pieces which were immersed in a decalcification fluid containing 
20 per cent fomic acid and 5 per cent sodium citrate. The decalcification 
process was recorded and checked by means of radiographs. 
After decalcification the metal bone markers were removed and the tissue 
blocks were dehydrated in increasing concentrations of aethanol, impregnated 
with celloidin, treated with chloroform and toluol and embedded in Para-
D 
plast . Serial mesio-distal sections of 7um were cut on a base sledge 
microtome. 
The description of the histology is mainly based on sections stained 
with Haematoxylin and Eosin according to Dellafield (Lillie, 1965). 
Apart from these sections the depositional surfaces of the bone were 
studied on unstained sections of Procion labelled material. Therefore 
in the second series the histological material was studied in three 
ways. The Η and E stained sections were observed with normal light 
illumination, the unstained sections were studied with UV light for 
the labelling with the Procion dye and with polarized light in order 




3. DEVELOPMENTAL STAGES OF THE TEETH 
3 . 1 . INTRODUCTION 
3 .2 . RESULTS 
3.3. DISCUSSION 
3. DEVELOPMENTAL STAGES OF THE TEETH 
3.1. INTRODUCTION 
As has been stated in section 1.3. the first goal of the present investi-
gation is an accurate registration of the development of the teeth and 
their surrounding structures. The registration of these developmental stages 
is not a goal in itself. It is only valuable in case the development can 
be related to the other phenomena occurring during the process of tooth 
eruption. 
From the literature these relations do not become clear. For example the 
onset of the eruptive phase of tooth eruption has been related to different 
developmental stages by different authors. According to Shumaker and El 
Hadary (1960) it starts at the time the crown formation is complete, 
O'Brien et al. (1956) state that it starts at the time the root formation 
is found in histologic sections, Darling and Levers (1975) mention that 
the eruptive phase starts at the time root formation becomes visible on 
the radiographs. Other authors are of the opinion that the root formation 
has to be under way for some time (Cadili, 1969) or even that in some cases 
root formation has to be quarter complete before the eruptive phase is 
started. (Bodegom, 1969). 
The discrepancies as found in the literature might be partly due to the 
fact that no attempt has been made to make an accurate registration of the 
development of the teeth in relation to the movements of the teeth during 
the process of tooth eruption. In this chapter a registration of the 
developmental stages is presented based on the analysis of a series of 
standardized oblique lateral radiographs. The methods used for making those 
radiographs is described in section 2.3. The developmental stages which 
are scored are described in section 2.4.1. 
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3.2. RESULTS 
The radiographs were prepared twice a week in a series of 11 dogs of both 
sides of the mandible during the experimental period. The ages at which the 
different developmental stages were reached are shown in table 3.1. 
The ages at which the developmental stages were statistically analyzed 
by means of a two-way analysis of variance. The means and the standard 
deviations are shown in table 3.1. 
The results show that the variation in the age at which the developmental 
stages are achieved in the different animals is rather large. The mean 
value of the standard diviation is 7.0 + 1.9 days. This indicates that 
for the "mean" developmental stage the time of attainment can be predicted 
to occur within a period of at least two weeks. The stage which can be 
predicted most accurately is AMI (57.9 + 4.2 days). Even for this stage 
a prediction would have to be rather vague: in 68 per cent of the animals 
AMI will be achieved between 53 and 63 days of age. 
The inaccuracy of the measurements are caused by the errors of the model, 
and the error of the method of the measurements. The errors of the model 
can be caused by two sources namely the individual variation of the animals 
and the differences in the left and the right sides within one animal. 
It appears that the variability in the animals is the most important 
source of errors. This inaccuracy might be due to differences in the rates 
of the development of the different animals. However, the standard deviations 
found for the developmental stages appeared not to be dependent of the age 
at which a particular stage was reached. 
For example stage AP4, the first stage scored, was found to occur at 
54.7 + 6.6 days of age; stage -ml, the last stage scored, took place at 
155.8 + 6.2 days. This indicates that the variability is not caused by 
differences in developmental rates, for in that case the variability would 
increase with increasing age. 
Another reason for the inaccuracy of the results could be found in a 
variation in the age at which the development is started. This holds true 
not only for the development of the teeth as a whole, but also for isolated 
parts of their development. In order to solve this problem a synchronization 
was carried out using each of the developmental stages alternately as point 
















































































































































































































































































































































































































































































































































































































































Table 3.1. The ages expressed in days at which the different developmental 
stages as defined in section 2.4.1. are attained. 
01-1 = left halve of the manidble of dog 01 
01-2 = right halve of the mandible of dog 01 
Table 3.2. The means and standard deviations of the inter stage periods 
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the means and the standard deviations calculated by means of a two-way 
analysis of variance of the time periods between each of the developmental 
stages. These periods are called the inter stage periods. The inter stage 
periods make it possible to study isolated parts of the development, indepen­
dent of the age. For example the mean inter stage period between the stage 
ВІР4 and the stage BoP4 appears to be 44.0 + 6.8 days. 
The mean of the standard deviations from the different inter stage periods 
as shown in table 3.2. is 7.2 + 1.9 days, which is in the same order of 
magnitude as the mean of the standard deviations which are shown in table 
3.1. The accuracy of the measurements appears not to be influenced by the 
length of the inter stage period. Correlation of the length of the inter 
stage periods and the standard deviations by means of a linear regression 
shows a correlation coefficient R - 0.0546. This means in general that by 
isolating smaller periods of the development by means of synchronization no 
increase in accuracy is gained in the predictability of the development. 
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3.3. DISCUSSION 
The results of the scorings of the developmental stages as given in 
table 3.1. show a mean standard deviation of 7.0 + 1.9 days. The whole 
experimental period which was studied is in the order of magnitude of 150 
days, so the accuracy of the expectations for the different developmental 
stages is about 5 per cent of the entire developmental period. 
Division of the whole developmental period into smaller entities and 
synchronization to developmental stages appeared not to gain an increase 
in the accuracy of the predictability. Comparisson of these results with 
the literature is not quite possible because no such study is performed 
on dogs. However some investigations have been performed on humans 
aiming at the provision of norms and standards for the chronology of 
tooth development. The results from the studies from Fanning (1961), 
Haavikko (1970), and Moorrees et al. (1963) all show that at least in 
humans the ranges in which certain stages are achieved are increasing during 
the subsequent stages. 
The results of Fanning (1961) are expressed in percentiles and the diffe-
rences between the 25th and the 75th percentile for the permanent dentition 
varies from about one to two years. One year for the earliest developmental 
stages and two years for the last ones. She covers about 8 years of chrono-
logical age in humans and so the accuracy expressed as a percentage of the 
entire experimental period is in the order of magnitude of 12 to 25 per cent. 
Haavikko (1970) expressed the accuracy as dispersions, i.e. the differences 
between the 10th and the 90th percentile. Generally this dispersion is 
higher for the later stages than for the earlier stages of development. 
It varies from about 1.5 tot about 3.5 years. 
Moorrees (1963) expresses his data about the development of human teeth as 
means + S.D. and so these data are more comparable with those from the 
present investigation. His standard deviations vary from about two months 
for the earliest stages to about 1.5 years for the later stages. The accu-
racy is in the order of 1 to 10 per cent of the total period studied. 
Although the results indicate that the predictability in dogs is not worse 
than in humans, an accurate prediction about the age at which a certain 
stage will be achieved cannot be given. The consequence of this fact is 
that also in the correlation of the developmental stages with the 
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dimensional changes in the teeth and their surrounding structures which 
will be described in Chapter 4 some inaccuracies will be found, the more 
so as it is likely that also in the description of these dimensional 
changes inaccuracies will be found. However it might be possible that 
comparison of the two types of parameters still will show some meaningfull 
relations which may contribute to a better knowledge of the phenomena 
which play a role in the process of tooth eruption. 
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4.2.4. Measurements on the Ml 
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4. DIMENSIONAL CHANGES IN THE TEETH AND THEIR SURROUNDING 
STRUCTURES 
4.1. INTRODUCTION 
In Chapter 3 the developmental stages as measured on the standardized 
serial radiographs were described. This chapter deals with the other 
category of parameters, namely the dimensional changes in the teeth and 
their surrounding structures as shown on the radiographs. Comparison of 
those two types of parameters may provide indications about the factors 
that are important for the process of tooth eruption. 
The radiographs used for the measurement of the dimensional changes were 
the same as those used for the determination of the developmental stages. 
The methods used for the preparation of these radiographs are described 
in section 2.3. The dimensional changes itself were computed from 
coordinate measurements using the Optocom as described in section 
2.4.2. In the same paragraph the coordinates that have been recorded are 
defined and the processing of these coordinates in order to get the di-
mensional changes is described. Also a description is given of the dif-
ferent parameters which are computed. 
The measurements of the coordinates and the computation of the different 
parameters is aiming at the goal stated in section 1.3., namely an 
accurate description of the movements of the teeth and the changes in 
structure of the surrounding tissues during the tooth eruption. 
In the following paragraphs these parameters are described. If possible, 
relations are given between the dimensional changes and the developmental 
stages which are described in section 3.2. The analysis is separately 
performed for each of the teeth. Based on the relations which will be 
found an attempt will be made to frame some hypotheses on the subject 




Some of the parameters which were defined in section 2.4.2. appeared 
to give no additional information. For example the curves which are derived 
from the measurements 10 - 15, 10 - 15', 10 - 16 and 10 - 16' are all 
illustrations of the changes in the length of the P3. It appeared that the 
curves resulting from those measurements were quite the same, so in this 
case only the parameter 10 - 15 has been described. The same holds true 
for the following series of parameters: 3 - 5 , 3 - 5 ' , 3 - 6 and 3 - 6 ' ; 
4 - 7, 4 - 7', 4 - 8 and 4 - 8'; 9 - 13 and 9 - 14, 10 - 15, 10 - 15', 
10 - 16 and 10 - 16'; 11 - 17, 11 - 17', 11 - 18 and 11 - 18', 12 - 19, 
12 - 19', 12 - 20 and 12 - 20'. For these series respectively only the 
parameters 3 - 5 and 3 - 6', 4 - 7 and 4 - 8', 9 - 13, 1 0 - 1 5 , 11 - 17 
and 12 - 19 are described. 
The parameters 3-x3, 4-x4, 10-xlO, 11-xll and 12-ХІ2 are all omitted 
because in none of these parameters significant changes were found during 
the experimental period, apart from the fact that they only can be measured 
in case the bifurcation is visible on the radiograph. 
Furthermore the changes in the X coordinates of the tips of the teeth 
during the eruption (the parameters X3 VERSUS AGE etc.) were all omitted 
because the definition of tooth eruption used in the present investigation 
has been restricted to the vertical movements of the teeth involved 
The results of the analyses of the curves for the different parameters are 
sumnanzed in fig. 4.1. (p. 99) 
In this figure the scales along the Y-axis are chosen in a way that the 
minimum values of the parameters are plotted at the Y=0 level and the 
maximal values at the maximum level. 
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4.2.1. Measurements on the PI 
4.2.1.1. 9 - 1 3 
The distance between the tip of the PI and the mesial margin of the apical 
foramen is denoted 9 - 1 3 . 
The curves representing the changes in this distance versus the aqe of the 
animals can be divided into three types, each occurring in the same fre-
quency. 
The first type shows a more or less linear increase in the distance from 
the beginning of the experimental period up to a mean age of 136.3 + 10.1 
days. The rate of increase then slows down. 
The second type of curve can be divided into three phases. The first phase 
exhibits a rather slow increase from the start of the experimental period 
up to 86.4 + 6.2 days, the second showing a more rapid increase up to a 
mean age of 132.9 + 10.9, followed by a third phase of slowing down. 
The third type of curve shows a linear increase in the distance throughout 
the whole experimental period. Linear regression in the latter type shows 
a correlation coefficient above 0.9800 (mean 0.9844 + 0.0019) while in all 
other cases the correlation coefficient is less then 0.9700 (mean 0.9392 
+ 0.029). 
The slowing down of the increase as appears in the type 1 and 2 curves is 
not closely related to any one of the developmental stages for it appears 
approximately 50 days after the last developmental stage scored, namely 
BoPl. 
The increase in growth rate as found in the type 2 curve could be related 
to the stage RP1 for the mean inter stage period between these two is 2.7 
+ 4.6 days which indicates that the two phenomena are coincident. In the 
cases showing type 1 or 3 curves, however RP1 is found at the same time 
and in these cases no increase in growth rate could be established. 
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4.2.1.2. Y9 VERSUS AGE 
This parameter represents the eruptive movements of the PI measured in 
a vertical direction. 
All the curves are essentially the same, commencing with a more or less 
linear increase followed by a slowing down phase. The transition however 
from the linear increasing phase to the slowing down phase is in some 
cases abrupt and in others more gradual. In those cases in which a sudden 
change occurs a plateau is attained at a younger age than in the cases 
exhibiting a gradual change. 
In the cases in which an abrupt transition is found this point is reached 
at a mean age of 120.4 + 6.8 days, which is not closely related to any 
of the developmental stages measured in the PI. RP1 is at 82.9 + 6.0 and 
BoPl is at 82.7 +5.3 days of age. In the cases with a gradual transition 
the exact starting point of the plateau cannot be determined, but in all 
cases it is at a later age than in those cases with a more abrupt transi-
tion. The developmental stages which were determined concerning the PI 
were all attained during the linear increasing phase of the curve. No dis-
tortions could be found which might serve as an indication for achievement 
of one of the stages. 
4.2.1.3. CRYPT PI 
The parameter which defines the surface area of the crypt of the PI is very 
difficult to measure, because superimposition of other structures is often 
found. The measuranents are therefore rather inaccurate. 
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However a general tendency can be established. In the first period an 
increase of the surface area is found, followed in most cases by a rapid 
decrease and then by a stabilisation. The transition from the increasing 
phase to the decreasing one is rather sharp and is found to take place 
at a mean age of 81.5 + 9.1 days. 
BoPl takes place at 82.7 + 5.3 days and the inter stage period between 
the two phenomena is 0.7 + 9.1 days which indicates that the two pheno-
mena might be coincident. 
4.2.1.4. CRYPT PI - UPP MAN 
Because of the inaccuracy of the measurements concerning the crypt of 
the PI no conclusions can be drawn from these measurements. 
4.2.1.5. CRYPT PI - LOW MAN 
The inaccuracy associated with these measurements makes the drawing of 
conclusions difficult. However a tendency can be found in the curves. 
The distance from the crypt of the PI to the lower margin of the mandible 
increases in the first phase of the curve. Then, at some stage between 
100 and 130 days a maximum is reached, followed by a slow decrease. The 
maximum distance is reached long after the PI has penetrated the bone 
(BoPl = 82.7 +'5.3 days). 
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4.2.Ζ. Measurements on the P3(m2) 
4.2.2.1. 3-5 
The parameter 3-5 represents the distance from the tip of crown of the 
deciduous second molar to the mesial projection of the apical foramen of its 
mesial root. It might therefore be considered as an indication of the growth 
of the m2. 
In most animals 3-5 increases from the start of the experimental period up 
to an age of approximately 75 days. The increase then slows down and a stable 
period follows which lasts on average until an age of approximately 122 days. 
The distance then starts to slowly decrease, this represents the resorption 
of the roots of the deciduous molar. The resorption rate increases until 
exfoliation occurs at, on average, 153.4 * 6.2 days. Shortly before 
exfoliation the resorption rate is approximately 1 mm per day, as measured on 
the radiographs. No relation could be established between the developmental 
stages of the successor of the deciduous second molar, the P3, and the changes 
in the parameter 3 - 5 because of the relatively inaccurate determination of 
these changes, although the rapid decrease of this distance always takes place 
after RP3, which is on average at an age of 122.5 + 6.8 days. 
4.2.2.2. 3-6' 
The paramter 3-6' is the distance between the tip of the second deciduous 
molar and the distal projection of the apical foramen of its distal root. 
The curve describing the canges in this distance plotted against age is 
essentially the same as that found for 3-5. Some differences do however exist. 
In the first place nearly all the animals have already reached their plateau 
at the start of the experimental period. Secondly the start of the root 
resorption phase is more abrupt than at the mesial root and so it can be 
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measured with some accuracy as taking place at 131.6 ± 10.8 days of age. 
In most cases the resorption of the distal root of the mZ commences after 
the onset of the root formation of the P3 (RP3), although in some cases 
the sequence is reversed. The mean period between the onset of the root 
resorption of the m2 and the stage RP3 is 9.1 ± 11.3 days. 
4.2.2.3. Y3 VERSUS AGE 
This parameter representing the movements of the tip of the deciduous second 
molar in a vertical direction is, from a statistical viewpoint, a straight 
line (mean correlation coefficient = 0.9925 j- 0.0042). However in some 
animals a tendency to a reducing of the eruption rate at older ages can be 
observed. The average velocity of the eruptive movements of the deciduous 
second molar during the experimental period is 0.053 ± 0.001 mm per day as 
measured on the radiographs. It is obvious that these eruptive movements can 
only be measured until stage -m2 is reached, which occurs at a mean age 
of 153.4 ί 6.2 days. 
4.2.2.4. 10-15 
This parameter represents the increase in length of the P3 during its 
development and is measured as the distance between the tip of the crown 
and the mesial projection of the apical foramen of its mesial root. 
Statistical evaluation of the data by means of a linear regression results 
in a mean correlation coefficient of 0.9895 ± 0.0061, and gives a strong in­
dication that the curve could be considered to be a straight line. The slope 
of that straight line would be on average 0.89 ± 0.05 indicating that the 
mean growth rate of the P3 is approximately 0.09 mm per day as measured on the 
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radiographs. 
If, however, a closer look is taken at the plots executed by the computer 
it seems that most of the curves have a slight dip between the ages of 
approximately 100 and 120 days, which seems to correspond more or less 
with the period between the stages CP3 and RP3 at respectivily 104.4 + 
6.1 and 122.5 + 6.8 days. Another deviation from the straight line appears 
in the older animals. In most of the cases the increase in length slows 
down as the animals become older, and in some cases a plateau is reached, 
indicating that in those animals the root formation of the P3 has been 
completed. 
4.2.2.5. Y10 VERSUS AGE 
This parameter is represents the movements of the tip of the P3 in a 
vertical direction. 
Initially this movement occurs at a more or less constant rate of about 
0.05 mm per day. This period lasts until approximately 100 days, although 
in some cases an increase of the rate can be observed before this age. 
In the period from 100 to 200 days the eruption rate is increased to a 
mean value of 0.08 mm per day as measured on the radiographs. In the 
following periods the eruption rate increases further. From 120 to 140 
days the mean value is 0.13 mm per day and from 140 to 160 days 0.21 mm 
per day. The curves for this period of increasing eruption rates are 
smooth lines in which no sudden changes could be determined which might 
indicate the developmental stages of the P3. 
The phase of the increasing eruption rates lasts to a mean age of 161.6 
+ 7.3 days, which is 11.2 + 3.9 days after ВоРЗ and 7.7 + 4.2 days after 
-m2. 
From that point on to the end of the experimental period the tip of the 
P3 remains stable in nearly all the animals. In two cases however, a 
small temporary decrease in the Y-coordinates can be observed. 
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4.2.2.6. CRYPT РЗ 
This variable represents the surface area of the crypt of the P3 as re­
vealed on the radiographs. The curve can be considered as consisting of 
three parts. In the first part an increase in the surface area takes place. 
This increase is initially more or less linear but after some time a sys­
tematic deviation from a staight line takes place by an accelerated in­
crease in the value. The second part exhibits a rapid decrease and the 
third part shows a stabilisation of the values, although a tendency towards 
an increase of this parameter can be found. 
The first phase lasts from the beginning of the experimental period up 
until approximately 148.3 + 7.8 days. This phenomenon is associated with 
the stage ВоРЗ, when the tip of the P3 penetrates the alveolar bone. 
ВоРЗ is found at a mean age of 149.0 + 7.1 days. The mean of the difference 
between the two phenomena is 0.7 + 3.6 days. The second phase of the 
curve, a rapid decrease of the surface is caused by the movement of the P3 
out of the alveolar bone. In that phase of the eruption process the outline 
of the crypt no longer completely consits of bone since the emergence of 
the tooth. For the calculation of the surface a straight line is construc­
ted connecting the two coronal margins of the bone. This implies that the 
further the tooth emerges out of the bone, the smaller the surface of the 
crypt will be. 
At a mean age of 158.6 +8.5 days the rate of decrease in the surface area 
slows down and in some cases a stabilisation of the surface area of the 
crypt is found. In other animals the surface area of the crypt of the P3 slowly 
increases again after the decrease is ended. This indicates that during this 
period in some cases an equilibrium exists between the slowed down root 
growth and a slow eruptive movement while in some other cases the root growth 
dominates. 
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4.2.2.7. CRYPT РЗ - UPP MAN 
This parameter represents the shortest distance between the crypt of the 
P3 and the upper margin of the alveolar bone of the mandible. 
Initially this diatance remains constant or it increases slowly. This 
phase lasts on an average until 107.4 + 17.2 days. Then a second phase 
commences in which this distance decreases to zero at the time stage ВоРЗ 
is reached, which occurs at a mean age of 148.9 + 7.0 days. The inter­
pretation of these data is complicated by the displacement of UPP MAN with 
increasing age. So the constant phase cannot be interpreted as a stable 
situation but as a situation in which the displacement of UPP MAN is of 
the same magnitude as the displacement of the top of the crypt. 
The change of the stable phase to the phase in which the distance decreases 
is the start of the period in which the growing crypt approaches the al­
veolar bone margin. However this point is not coindident with the irregu­
larities in the curve of 10 - 15 or with the stage RP3, the latter occuring 
at a mean age of 122.5 +6.8 days. 
4.2.2.8. CRYPT P3 - LOW MAN 
This parameter which represents the sortest distance between the crypt 
of the P3 and the lower margin of the mandible commences with a rather 
stable phase in all the animals. This phase lasts on average until an 
age of 132.4 + 10.0 days. The stage RP3 has already been reached by then 
(RP3: 122.5 + 6.8days). 
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This first phase is followed by a phase in which the distance increases. 
This increase takes place at a rate of approximately 0.1 - 0.2 mm per day 
as measured on the radiographs. The phase ends at a mean age of 163.4 + 
8.8 days, which is about two weeks after stage ВоРЗ (149.0 + 7.1 days). 
A third phase then starts in which CRYPT P3 - LOW MANN decreases in nearly 
all animals. This decrease takes place at a much slower rate than the in­
crease in the former phase. 
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4.2.3. Measurements on the P4 (гпЗ) 
4.2.3.1. 4 - 7 
The parameter 4 - 7 shows the distance from the tip of the deciduous third 
molar to the mesial projection of the apical foramen of the mesial root of 
the m3. In the curves representing the changes in this parameter three 
phases can be distinguished. 
The initial phase shows an increase in the length and lasts from the start 
of the experimental period until a mean age of 70.1 + 6.6 days. A more or 
less stable situation if then found until a mean age of 135.1 + 6.5 days 
followed by the third phase which shows a rapid decrease and ends with the 
exfoliation of the deciduous m3 at a mean age of 149.0 + 11.8 days. 
The achievement of the stable phase does not appear to be associated with 
the developmental phases of the P4 which develops deep to the m3. Linear 
regression comparing the start of the stable phase and the developmental 
phase AP4 shows a correlation coefficient R=-0.3675, while comparison with 
ВІР4 shows a correlation coefficient R=-0.0595. 
In two cases the end of the stable phase is difficult to determine because 
the decrease starts slowly and is followed by a gradual increase in the 
rate of decrease. The decrease of the distance 4 - 7 , which represents the 
root resorption of the deciduous m3 starts 28.9 + 7.2 days after CP4 and 
16.2 + 8.3 days after RP4, thus indicating that those phenomena are not 
coincident. The correlation coefficients are respectively R=0.4514 and 
R=0.3371. 
The mean resorption rate of the mesial root of the deciduous m3 in the 
last week before the exfoliation is approximately 1 rim per day as measured 
on the radiographs. 
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4.2.3.2. 4 - 8' 
This parameter represents the distance from the tip of the deciduous third 
molar to the distal projection of the apical foramen of the distal root. 
In priciple the curves representing this parameter are similar to those 
obtained with the parameter 4 - 7 . However the initial phase in which the 
distance increases is less distinct and it lasts only until approximately 
5 3 + 5 days of age, while for 4 - 7 this phase ends at an mean age of 
70.1 + 6.6 days. The decreasing phase also starts earlier for the distance 
4 - 8 ' than for 4 - 7 , namely at 124.0 + 9.0 in place of 135.1 + 6.5 days. 
Comparison of the start and the end of the stable phase with the develop­
mental stages reveals that AP4, which is found at 54.7 +_ 6.6 days, seems 
to coincide with the onset of the stable phase. The stage ВІР4 is found 
at 103.4 + 8.9 and the correlation coefficient after comparing it with the 
onset of the stable phase is R=-0.0550. The start of the root resorption 
at 124.0 + 9.0 days is respectively 18.6 + 7.5 days after CP4 and 5.9 + 
7.9 days after RP4. The correlation coefficients are respectively 0.6267 
and 0.6144. 
The resorption rate of the distal root in the last week before the exfolia­
tion is 0.50 + 0.20 mm per day as measured on the radiographs. 
4.2.3.3. Y4 VERSUS AGE 
This parameter represents the movements of the tip of the deciduous third 
molar in a vertical direction. This movement is more or less linear al­
though in some cases small deviations are found at the end of the experi-
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mental period. 
The mean rate of the eruption of these deciduous third molars during the 
experimental period is 0.051 + 0.013 mm per day as measured on the radio-
graphs. The m3 exfoliates at a mean age of 149.0 + 11.8 days. 
4.2.3.4. 11 - 17 
The parameter 11 - 17, representing the distance between the tip of the 
P4 and the mesial projection of the apical foramen of the mesial root, is 
statistically speaking a straight line. The mean correlation coefficient 
found after linear regression is 0.9880 + 0.0050. The mean slope of that 
line is 1.05 + 0.05 which means that the mean increase of this parameter 
as measured on the radiographs is approximately 0.1 mm per day. Although 
the computed curves approximate a straight line, some systematic deviations 
can be found. 
Firstly a slight dip is found in the curve, roughly between 95 and 125 
days of age. Because the limitations cannot be accurately determined com-
putation of the correlation with the developmental stages is not possible. 
Still the impression exists that the dip commences before the stage CP4 
and ends before the achievement of stage RP4. 
Another deviation from the straight line is found in the older animals. A 
slowing down of the growth of the P4 is observed when the animals are 
approximately 190 + 15 days of age. The last developmental stage that is 
determined is BoP4. This occurs at 147.4+ 9.1 days, which is 40.5 + 9.9 
days before the plateau is reached. The two phenomena might be correlated 
as the correlation coefficient is found to be R = 0.8080. 
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4.2.3.5. Yll VERSUS AGE 
The parameter Yll VERSUS AGE represents the movements in a vertical direc-
tion of the tip of the P4. The curve representing this movement can be di-
vided into three phases. The first phase is a more or less linear one in 
which the tip of the P4 moves in an occlusal direction at a mean rate of 
0.054 + 0.005 mm per day as measured on the radiographs. The end of this 
phase is not clearly distinguishable. After a certain age the rate of 
the movements gradually increases. The phase with the increasing rate is 
considered to be the second phase. A third phase is reached at an average 
age of 163.1 + 9.2 days. At that time a plateau is reached and in most 
cases an abrupt slowing down of the vertical movements is found. 
Because the onset of the increase in the vertical movements at the start 
of the second phase is so gradualy it is not possible to directly measure 
the relationship of this phenomenon to the developmental stages. To obviate 
this problem the rate of the vertical movements at the time of the stage 
RP4 is compared with the rate at the inital phase. As stated before the 
initial rate is 0.054 + 0.005 mm per day. The rate at the stage RP4 is 
found to be 0.093 + 0.013 mm per day as measured on the radiographs. This 
means that at the time the stage RP4 is reached the vertical movement of 
the P4 is already signifficantly increased. 
The achievement of the plateau takes place 13.1 + 3.4. days after stage 
BoP4. A high correlation coefficient (R = 0.9278) is found between the two 
phenomena. 
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4.2.3.6. CRYPT P4 
This parameter represents the surface of the projection of the crypt of 
the P4 as measured on the radiographs. The curves consist of three phases. 
First a more or less linear phase in which the surface increases. This 
phase ends very abruptly and is followed by a steep decrease for a short 
period which is then followed by a slow increase which eventually stabi-
lises. 
The end of the first phase is found at a mean age of 147.5 + 8.8 days and 
is coincident with the stage BoP4 which is found at a mean age of 147.4 + 
9.1 (R = 0.9447). 
The decrease which follows after the first phase ends at a mean age of 
157.6 +9.1 days. The plateau in the curve representing Yll VERSUS AGE has 
already been established by then. 
The decrease of the surface is caused by the emergence of the tooth out of 
the alveolar bone. However the displacement of the tooth towards the supe-
rior border of the alveolar bone is relative which means that it might be 
caused by the eruptive movements of the tooth or by the resorption of the 
alveolar bone. The increase which is found in nearly all cases at the onset 
of the third phase could be caused by the continuing elongation of the 
roots of the P4 after its position is stabilized. 
4.2.3.7. CRYPT P4 - UPP MAN 
The parameter CRYPT P4 - UPP MAN represents the shortest distance between 
the crypt of the P4 and the upper margin of the mandibular bone. In some 
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cases the measurements of this parameter appears to be rather inaccurate, 
but in most cases it is found that an initial phase of the curve shows an 
increase in this distance. This phase ends at a mean age of 108.2 + 4.8 
days and is followed by a phase of rapid decrease to zero at the time of 
emergence of the tooth at a mean age of 147.4 +9.1 days. 
The transition from the initial phase to the phase of decrease is found to 
take place at 14.0 + 9.2 days, before the stage RP4 is reached. No direct 
relation seems to exist between these two phenomena (R = 0.2131). The same 
holds true for the comparison with the stage CP4. This stage is found 
0.3 + 10.2 days before the end of the first phase of the curve. 
4.2.3.8. CRYPT P4 - LOW MAN 
The parameter CRYPT P4 - LOW MAN represents the shortest distance between 
the crypt of the P4 and the lower margin of the projection of the mandibu-
lar bone. The curves for this parameter as plotted by the computer, consist 
of three phases. 
The first phase is a stable one. It lasts from the onset of the experimen-
tal period to a mean age of 143.2 + 7.2 days. The end of this first phase 
is found on average at 22.9 + 9.0 days after stage RP4 and 6.0 + 5.5 days 
before stage BoP4. The correlation coefficients are respectively R = 0.4871 
and R = 0.7521. 
The first phase is followed by a phase in which a rapid increase in the 
distance CRYPT P4 - LOW MAN is found. The rate at which the increase takes 
place in this period is approximately 0.4 + 0.1 mm per day as measured on 
the radiographs. At the end of this phase an abrupt end of the increase is 
found at a mean age of 158.4 + 8.6 days, which is at 9.3 + 3.3 days after 
the stage BoP4. The correlation coefficient between these two phenomena is 
R = 0.9239. 
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4.2.4. Measurements on the Ml 
4.2.4.1. 12 19 
The parameter 12 - 19 represents the distance from the tip of the perma-
nent first molar to the mesial projection of the apical foramen of the 
mesial root. Linear regression over the whole experimental period shows 
a mean correlation coefficient of R = 0.9737 + 0.0081, indicating that 
a more or less linear increase in the distance takes place. 
However if a closer look at the curves is taken it appears that systematic 
deviations from the straight line take place. Several phases can then be 
distinguished. A first phase of rapid increase, than a slowing down, fol-
lowed by a third phase in which the growth rate increases again and, fi-
nally, a fourth phase when a plateau is reached. 
The first phase lasts from the beginning of the experimental period to a 
mean age of 72.5 + 5.2 days, which is coincident with the stage BiMl at 
69.8 + 4.5 days. The stage CM1 is found at 8.8 + 5.5 days after the end of 
the first phase. The second phase in which the growth rate of the Ml slows 
down lasts until a mean age of 103.9 + 4.8 days. Then a transition to a 
more rapid growth is found and this is coincident with the stage RM1 which 
is found at a mean age of 103.2 + 5.8 days. On an average it is 22.8 + 5.8 
days after CM1 and 16.2 + 7.9 days before BoMl. The last phase in which 
the plateau is reached starts at a mean age of 167.2 + 6.1 days which is 
on average 47.7 + 7.4 days after BoMl. 
4.2.4.2. Y12 VERSUS AGE 
This parameter shows the vertical movements of the tip of the Ml during the 
experimental period. 
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The curves representing those movements are of two different types. In 14 
out of 18 cases the rate of the movements increases from the onset of the 
experimental period until a plateau is reached. In the other four cases 
similar curves are also found except that a reduction in the rate of the 
eruptive movements is observed between approximately 70 and 107 days of 
age. This period coincides roughly with the period between the stages 
BiMl and RM1. 
The rate of the vertical eruptive movements as measured on the radiographs 
increases on average from 0.04 + 0.02 mm per day at stage BiMl, 0.05 + 
0.04 mm per day at stage CM1, 0.10 + 0.03 mm per day at stage RM1 to 0.19 
+ 0.06 mm per day at stage BoMl. 
After the stage BoMl, which occurs at a mean age of 118.4 + 6.3 days, the 
rate of the vertical displacement gradually slows down again until a pla-
teau is reached at a mean age of approximately 155 + 7 days. 
4.2.4.3. CRYPT Ml 
The parameter CRYPT Ml represents the surface area of the projection of 
the crypt of the Ml as found on the radiographs. Three phases can be dis-
tinguished in the curves representing this parameter. The first shows a 
more or less linear increase of the surface area. This phase ends abruptly 
at a mean age of 125.7 + 4.6 days, which is 6.1 + 2.9 days after the stage 
BoMl. The correlation coefficient between the two phenomena is R = 0.8319. 
A decrease in the surface area is found which is caused by the movement of 
the tooth out of the alveolar bone. The decrease ends at a mean age of 
147.2 + 9.5 days and is followed by a phase of stabilisation which occurs 
in nearly all cases. However in some cases a slight increase preceeds the 
stabilisation. Comparison between the age at the end of the decrease and 
the stage BoMl shows a mean difference of 27.4 +7.1 days and a correlation 
coefficient R = 0.6617. 
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4.2.4.4. CRYPT Ml - UPP MAN 
This parameter represents the shortest distance from the crypt of the Ml 
to the upper margin of the mandibular bone as found on the radiographs. 
The curves representing this distance show an increase in this distance up 
until a mean age of 84.1 + 8.2 days, which is 2.1 + 9.7 days after the 
stage CM1 and 20.6 + 8.4 days before the stage RM1. After this first phase 
a decrease in the distance is found which ends at the time the tooth emerges 
at stage BoMl at 118.4 + 6.3 days of age. From that time on the parameter 
equals zero. 
4.2.4.5. CRYPT Ml - LOW MANN 
The curves drawn from this parameter, which represents the shortest dis-
tance between the crypt of the Ml and the lower margin of the mandible, 
consist of three phases. The first phase which lasts from the onset of the 
experimental period to a mean age of 118.2 +8.1 days shows in most cases 
a stable situation. In some cases however a slight increase or decrease is 
found. After the first phase is ended a rapid increase is found. The 
transition to the second phase takes place 12.4 + 7.9 after stage RM1 and 
1.7+ 7.5 days before stage BoMl. The correlation coefficients are respec-
tively R = 0.1674 and R = 0.4277. The second phase ends rather abruptly at 
a mean age of 139.6 + 8.6 days. This occurs at 20.8 + 4.6 days after stage 
BoMl (R = 0.5360). The third phase shows an initial decrease which gradually 
converts into an increase of the parameter. This conversion is found at a 
mean age of approximately 177 + 9 days. 
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4.3. DISCUSSION 
In this discussion the findings for the different teeth will be discusspd 
separately. The parameters to which will be referred are graphically sum­
marized in fig. 4.1., the ages at which the developmental stages are at­
tained are given in table 3.1. 
The PI increases in length during the whole experimental period (9 - 13). 
In most cases a decrease in the growth rate of the PI is found at an age 
of approximately 135 days. At that time the projection of the tip of the 
PI has appeared above the proiection of the alveolar bone for some 50 drys 
(BoPl). In some cases the stages BoPl and RP1 seem to be coincident with 
a faint increase in the growth rate of the PI. 
The vertical migration of the PI is almost linear until approximately 120 
days of age (Y9 VERSUS AGE), which is 37 days after the stages BoPl and 
RP1. The growth rate of the root (9 - 13) is still linear for some time 
after Y9 VERSUS AGE is slowing down. 
These results indicate that the growth rate of the PI is not influenced by 
the penetration of the bone, and functional forces as for example the 
chewing forces. In some cases however a faint influence is found of the 
onset of the root formation (RP1). It appears that if the vertical migration 
is slowed down (Y9 VERSUS AGE) the root of the PI penetrates deeper into the 
mandibular bone as is also indicated by the contiuous decrease in the para­
meter CRYPT PI - LOW MAN. 
The predecessor of the P3, the m2, increases the length of its mesial 
root from the onset of the experimental period to an age of approximately 
75 days ( 3 - 5 ) . The distal root already had attained its maximal length 
at the beginning of the experimental period (3- 6'). The stable length 
of the roots of the m2 indicates that at that time the root formation is 
completed or that the root formation takes place at the same rate as the 
attrition of the tips. 
The completion of the roots of the deciduous m2 has no influence on the 
rate of the vertical migration of this tooth (Y3 VERSUS AGE), for this is 
more or less linear troughout the whole lifespan of the tooth. During the 
period in which the length of the m2 is stable, its successor, the P3, 
passes the stages ВіРЗ and CP3. 
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The decrease in length of the mesial root of the m2 (3 - 5) starts about the 
time the onset of root formation of the P3 is found (RP3). The decrease 
of the length of the distal root starts some ten days later (3 - 6'). The 
resorption of the roots of the deciduous m2 does not influence the vertical 
migration (Y3 VERSUS AGE), although in some animals a tendency can be ob­
served to a decrease in the eruption rate in the older ages. 
The growth rate of the P3 is more or less linear throughout the experimen­
tal period (10 - 15). However a slight dip is found roughly between 100 
and 120 days of age. This approximately is the period between the stages CP3 
and RP3. This slight dip in the growth rate in this period has no influence 
on the vertical migration of the P3 (Y10 VERSUS AGE) which in this period 
of time shows an increasing eruption rate. At the time the root formation 
is started (RP3) the vertical migration is approximately twice as fast as 
it is at the start of the experimental period. The eruption rate gradually 
increases to a value that is about four times the original one. During this 
period of increasing rates of the vertical movement the stages RP3 and ВоРЗ 
are attained. 
The rate of the movements in the occlusal direction is in the first part 
of the experimental period smaller than or equal to the occlusal drift of 
the upper margin of the mandible (CRYPT P3 - UPP MAN). From approximately 
107 days on this parameter decreases. This is to be expected, because Y10 
VERSUS AGE is then increasing its rate, while Y3 VERSUS AGE, which is re­
lated to the upper margin of the mandible still is linear. 
The increase in the rate of the vertical migration of the P3 (Y10 VERSUS 
AGE) in combination with the more or less linear increase in the parameter 
10 - 15 results in the fact that at approximately 130 days of age the 
apical side of the tooth is moving further away from the lower margin of 
the mandible as is shown by the parameter CRYPT P3 - LOW MAN. At the time 
Y10 VERSUS AGE is slowing down rather abruptly at an age of 161 days also 
the increase in the parameter CRYPT P3 - LOW MAN stops. However because 
the parameter 10 - 15 is still linearly increasing, the parameter CRYPT P3 -
LOW MAN then decreases. The same phenomenon is illustrated by the parameter 
CRYPT P3 which shows a rapid decrease between the stage ВоРЗ and the at-
tairment of occlusion. At an age of approximately 158 days the parameter 
CRYPT P3 starts to slowly increase again in most cases indicating that the 
roots in that period penetrate further in the alveolar bone. 
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These results indicate that the occlusal movements of the m2 are not in-
fluenced by the completion of its roots. Because of the fact that the for-
mation of its roots is already considerably progressed at the start of the 
experimental period no opinion can be given upon the influence of the root 
formation as such on the movements of the deciduous molar. Also the re-
sorption of their roots seems not to affect the eruptive movements although 
with the resorption also the periodontal ligament is affected. 
Also the rate of occlusal movement of the P3 seems not to be influenced by 
the developmental stages of its deciduous predecessor, nor is it influenced 
by the fact that the roots of the mZ have to be resorbed. The fact that the 
onset of the resorption of the mesial root of the m2 is more or less coinci-
dent with the stage RP3 might be only circumstantial because the resorption 
of the distal root appears to start some ten days later. 
The growth of the P3 is a continuous process with a more or less constant 
growth rate. After an initial more or less linear phase the vertical 
migration of the P3 takes place with a constant increasing rate. At the 
time root formation starts the occlusal movements are already twice as 
fast as in the linear phase. By the increasing migration rate the occlusal 
movements become faster than the growth of the roots. The apices than start 
to migrate occlusally. That situation remains until the vertical migration 
slows down again after penetration of the alveolar bone by functional 
forces. Then a renewed ingrowth of the roots into the alveolar bone takes 
place. 
Exept for the stage AP4, which is attained approximately 12 days before 
the stage AP3, all developmental stages for the P3 (m2) and the P4 (m3) 
are attained almost simultaneously. The same holds true for the dimensional 
changes in the P3 (m2) and the P4 (m3) and their surrounding structures. 
Although some differences exist, the interpretation of the parameters and 
their relation to the developmental stages is essentially the same. There-
fore the data obtained from the P4 (m3) are not discussed in detail. 
As for the P3 (m2) it is feasable for the P4 (m3) that the developmental 
stages of the deciduous predecessor have no influence on its vertical 
migration (Y4 VERSUS AGE). Also the vertical migration of the P4 itself 
(Yll VERSUS AGE) appears not to be influenced by the developmental stages 
of this tooth. The growth rate of the P4 (11 - 17) seems to slow down some 
what between the stages CP4 and RP4. The combination of the increasing 
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eruption rate (Yll VERSUS AGE) and the parameter Y4 VERSUS AGE causes a 
decrease of the parameter CRYPT P4 - UPP MAN and the combination of the 
decreased vertical migration rate (Yll VERSUS AGE) and the linear growth 
rate (11 - 17) causes at a later age an ingrowth of the roots of the P4 
into the alveolar bone (CRYPT P4 and CRYPT P4 - LOW MAN). 
The permanent first molar increases its length with a more or less con-
stant rate from the start of the experimental period to an age of approxi-
mately 167 days (12 - 19). In this period of linear increase however a 
slight dip is found roughly between 72 and 103 days of age. This means 
that the growth rate slows down approximately 9 days before the stage CM1 
is attained and that it returns to its original values at the time stage 
RM1 is attained. At an age of 167 days which is about 50 days after stage 
BoMl the growth rate of the Ml slows down (12 - 19). 
The verical migration of the Ml (Y12 VERSUS AGE) seems to be independent 
of the growth rate. The migration rate increases from the start of the 
experimental period. At the time stage RM1 is attained the rate is 2 - 3 
times as high as at the start. The maximal rate which is found at and 
shortly after stage BoMl is 5 times higher than the original rate. Then 
a decrease in the vertical migration rate is found which might be due to 
chewing forces until at approximately 155 days of age a plateau is attained 
(Y12 VERSUS AGE). 
The increase in the vertical migration rate (Y12 VERSUS AGE) results in the 
decrease in the parameter CRYPT Ml - UPP MAN from the time on that the 
bone deposition on the upper margin becomes slower than the occlusal move-
ment of the tip of the Ml. This phenomenon occurs at an age of about 84 
days, when stage CM1 has just been attained for 3 days. The parameter CRYPT 
Ml - UPP MAN then decreases rapidly until at 118 days the stage BoMl is 
found and the parameter equals zero. 
At the time BoMl is found the parameter CRYPT Ml is still increasing but 
approximately 7 days thereafter it starts to rapidly decrease. The rate of 
the vertical movement Y12 VERSUS AGE at that time is higher than the rate 
at which the parameter 12 - 19 increases. This causes an increase in the 
parameter CRYPT Ml - LOW MAN. 
After the stage BoMl is attained the rate of the vertical migration starts 
to slowly decrease (Y12 VERSUS AGE). Because of the fact that the growth 
rate of the Ml (12 - 19) is still constant the increase of the distance 
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CRYPT Ml - LOW MAN is stopped at tie time both parameters have the same 
value. This phenomenon is found at approximately 139 days of age. After 
that time the parameter CRYPT Ml - LOW MAN decreases for some time until 
the growth rate of the Ml (12 - 19) ceases. 
These results for the Ml indicate that the eruptive movements of this 
tooth are independent from its developmental stages and from the growth 
rate of its roots. The eruptive mc/ements seem to be influenced by the 
chewing and occlusional forces. On the other hand the growth rate of the 
roots of the Ml are not influenced by the rate of the vertical movements 
or by the chewing and occlusional forces. 
From the findings of this and the nrevious chapter it can be concluded 
that the deciduous molars move with a more or less constant rate in an 
occlusal direction. The rate of their movement seems not to be affected 
by the resorption of their roots and the concomittant destruction 'of the 
attachment apparatus in the periodontal ligament. These results indicate 
that the occlusal plane as defined by Shumaker and El Hadary (1960) is 
not stable and that it cannot be used as a stable reference line for the 
movement of the permanent teeth. 
From the findings of the present investigation it becomes clear that the 
movements of the deciduous molars in period studied probably originate 
from another source than the collagenous fibres or the fibroblasts in 
the periodontal ligament. 
For the permanent dentition the same conclusion can be drawn. The increase 
in lenght of the permanent teeth during eruption takes place with a more 
or less constant rate although a slight dip is found between the complet-
ion of the crown formation and the onset of the root formation. 
Apart from Carlson (1944) who stated that the early stages of root formation 
follow immediately upon the completion of the crown formation, no direct 
information about the growth of the permanent teeth is available from the 
literature. Indirect indications are reported by Nolla (1960) and Moorrees 
(1963). If one accepts that the stages as defined by Nolla represent equal 
increases in lenght, then her results indicate a more or less linear in-
crease in the lenght of the permanent teeth. Also the data reported by 
Moorrees show that the subsequent developmental stages are found with more 
or less equal inter stage periods, which might indicate that the increase 
in lenght of the permanent teeth in humans is also more or less linear. 
The data concerning the vertical migration of the tips of the permanent 
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teeth in the present investigation show for all permanent teeth studied 
approximately the same pattern. An exeption has to be made for the PI. 
The vertical migration of this tooth takes place with a more or less 
constant rate until a slowing down is found long after the alveolar bone 
is penetrated and chewing forces can exert their influences. For the 
other teeth studied, the P3, P4 and the Ml a gradual increase of the rate 
of the eruptive movement is found. In some cases this increase is 
preceeded by an initial phase in which the vertical migration takes 
place with a more or less constant rate. However in all cases the increase 
in the rate of the vertical movement is already started about the time 
crown formation is completed. At the time root formation becomes visible 
on the radiographs, this rate is twice the original one for the premolars 
and even two to three times the original for the permanent first molar. 
The eruption rate increases in all cases to a maximum rate which is four 
to five times the original rate. A decrease in the eruption rate in all 
cases is found to start after the emergence into the oral cavity has taken 
place. This indicates that the increase in the rate is independent from the 
formation of the roots or the development of the periodontal ligament. 
Shumaker and El Hadary (I960) conclude from their data that each tooth 
starts to move in an occusal direction at the time Nol la's stage 6 (crown 
completed) is attained. Prior to that stage even a negative eruption 
rate is found in most teeth. However they relate their measurements to 
the occlusal plane of the deciduous dentition. 
It has been shown in the present investigation that this reference plane 
itself is moving in an 'occlusal direction'. 
Therefore the data as presented by Shumaker and El Hadary should be inter-
preted as: even before stage 6 the rate of the occlusal movement increases 
and equals the rate of the displacement of the occlusal plane. The continu-
ing increase of the rate of these movements then causes the further in-
crease in the rate of the decrease of the distance to the occlusal plane. 
This means that the start of the increase of the vertical displacements 
is found to take place before the onset of the root formation as revealed 
by the radiographs. The increase might however be coincident with the onset 
of the root formation as revealed by histological techniques. 
On the other hand Carlson (1944) described that the onset of the root for-
mation has no influence of the occlusal movements of the tips of the per-
manent teeth. They continue to move slowly occlusally. However the apices 
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of the roots penetrate deeper into the alveolar bone. 
Then 'following the downward growth of the root there was a period of rapid 
eruption of the teeth' in which all points of the teeth increase their dis-
tances from the mandibulair border. In the present investigation the move-
ments of the apices have not been recorded. However data are available 
about the distance between the crypt and the lower margin of the mandible. 
The curves drawn from these data show almost no decrease in the period of 
initial root formation. However the apices of the teeth may move inside the 
crypts in the earlier stages of their development which results indeed 
in a downward movement of the apices. 
Darling and Levers (1975) are of the opinion that 'very soon after the first 
radiographic evidence of the forming root can be detected the occlusal sur-
face of the tooth begins to move fairly rapidly towards the occlusal 
plane'. However no data about the onset of the root formation or the 
other developmental stages are given. Another objection against the data 
from Darling and Levers is that they express the ages of their human sub-
jects in whole years which is a rather rough scale. 
The findings of the present investigation and most information from the 
literature concerning the eruptive movements may be considered as indicat-
ions that the origin of the forces which are responsible for the eruptive 
movements are not localized in the collagenous fibres of the periodontal 
ligament nor in its fibroblasts. 
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Fig. 4.1. The graphs summarize the curves drawn for the different para-
meters concerning the movements of the teeth and the dimensional 
changes during the experimental period. The scale alongside the 
Y-axis is dependent of the minimal and maximal values found for 
the different parameters. For the definition of the parameters 
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5. HISTOLOGICAL OBSERVATIONS 
5.1. INTRODUCTION 
The results described in the previous chapters indicate that the vertical 
migration of the teeth is not influenced by the onset of root formation. 
In those chapters the onset of root formation was defined on the radio-
graphs. In this chapter an attempt is made to evaluate the relationship be-
tween the radiographical appearance and the histology of the structures in-
volved in order to obtain an impression of the reliability of the radio-
graphical determination of the developmental stages. Secondly this chapter 
aims to describe the development of the periodontal ligament as it is re-
lated to the developmental stages and the dimensional changes in the teeth 
and their surrounding structures in order to elucidate the role of the 
periodontal ligament in the process of tooth eruption. 
The observations are made from the histological sections which are pre-
pared from the second series of dogs as described in section 2.6.1 and in 
order to evaluate the stabilized situation after eruption the sections 
from some of the dogs of the first series which were sacrificed at an 
age of 218 days are used. 
Because an accurate prediction of the eruptive movements and the develop-
mental stages is not quite possible, the selection of the ages at which 
the dogs of the second series were sacrificed was determined more prag-
matically. 
The dogs were treated in the same manner as those from the first series 
and standardized oblique lateral radiographs were prepared twice a week 
as described in section 2.3. The ages at which the animals were sacrificed 
were based on the evaluation of the radiographs immediately after they had 
been developed. The selection of the ages was carried out so as to create 
the possibility of describing the histological characteristics of the teeth 
and their surrounding structures at the different stages of the process 
of eruption. 
The description of the radiographs at the time of sacrifice will be given 
in the next section (5.2.). The histological characteristics will be des-
cribed in section 5.3. 
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5.2. DESCRIPTION OF THE RADIOGRAPHS AT THE TIME OF SACRIFICE 
-Three of the dogs were sacrificed at an age of 99 days. According to the 
results described in the sections 3.2. and 4.2. the following characteris-
tics could be expected in the radiographs of that age. The PI has penetra-
ted the alveolar bone about 16 days previously and root formation has been 
in progress for approximately 16 days. The increase in the length of the 
PI is still linear as is the occlusal movement of its tip. The distance 
between the crypt and the lower border of the mandible is about to reach 
its maximal value. 
In the animals sacrificed at 99 days the alveolar bone had been penetrated 
by the PI for 11 to 25 days and root formation had progressed from 0 to 11 
days. 
It is not expected that at 99 days the crowns of the P3 and the P4 will be 
complete or that the bifurcation will have become visible. The vertical 
movements of the premolars have already increased and the growth of the P3 
and the P4 is expected to slow down somewhat at this time. 
Indeed the radiographs of the sacrificed animals show that the bifurcation 
is still not visible or is just becoming visible and in most of the cases 
crown formation is incomplete, although in some cases the stage of crown 
formation has just been attained. 
It could be expected that the crown formation of the Ml has been completed 
for about 18 days and that within a few days root formation will start. 
The growth rate of the Ml is about to regain its original value after the 
slight dip, and the rate of vertical migration is increasing. 
In all animals sacrificed at 99 days crown formation appears to have been 
completed 11 to 25 days previously. In some cases root formation has just 
started while in the other cases no root formation can as yet be observed. 
-The second group of dogs also consists of three animals which were sacri-. 
ficed at an age of 120 days. According to the results which were previously 
described it could be expected that at that time the situation for the PI 
was as follows. The increase in length is still linear, the vertical migra-
tion rate is slowing down and due to that the distance from the crypt to 
the lower border of the mandible is about to decrease. The stage BoPl took 
place about 37 days previously. 
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In the animals of the second group the PI has penetrated the bone 35 - 49 
days previously. 
It is expected that the P3 and the P4 will have completed their crown for­
mation about 15 days ago and that the root formation has just started or 
will start within a few days. The vertical migration rate is twice that 
exhibited at the start of the experiment and the distance from the crypt 
to the upper margin of the mandible is decreasing. The distance to the 
lower margin is still stable. The root resorption of the deciduous pre­
decessors is about to start or has just started. 
In the sacrificed animals crown formation of the P3 and the P4 has been 
completed 11 to 21 days ago and in 50 per cent of the teeth involved root 
formation has been started 4 to 7 days previously. There is still no evi­
dence for root formation in the other teeth. 
The predicted situation for the Ml at 120 days is that root formation has 
been progressing for approximately 17 days and that the Ml penetrated the 
alveolar bone a few days previously. The rate of vertical migration at 
that time is considerably increased, the distance from the crypt to the 
upper margin of the mandible is decreasing very rapidly or already equals 
zero and the distance to the lower border of the mandible is decreasing. 
In the sacrificed animals the root formation has been progressing for 14 
to 21 days and the tip of the Ml has in most cases penetrated the alveolar 
bone 4 to 7 days previously, however in one animal the Ml was still covered 
by the alveolar bone. 
-A third group of three dogs was sacrificed at an age of 148 days. According 
to the results of the first series the predictions in these animals are 
that the PI will have penetrated the alveolar bone about 65 days previously. 
The length of the root is still increasing at a constant rate, but its tip 
has been stabilized and therefore the distance from the crypt to the lower 
margin of the mandible decreases. 
In the animals which were sacrificed at 148 days the PI penetrated the 
alveolar bone 60 to 74 days previously. 
It is predicted that the root formation of the P3 and the P4 has been in 
progress for about 27 days and that these premolars are just attaining the 
stages ВоРЗ or BoP4. The occlusal movement at that time is so rapid that 
the distance from the crypt to the lower border of the mandible increases 
in spite of the linear growth of the teeth that is still taking place. The 
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resorption of the roots of the deciduous predecessors takes place at its 
maximal rate and exfoliation of the m2 and the m3 is expected in a few 
days or may have just occurred. 
In the dogs which were sacrificed at 148 days it was found that root for­
mation for the P3 and the P4 had progressed for respectively E3 and 33 days. 
In most of the cases the stages ВоРЗ and BoP4 were just attained. In the 
other cases the stage of penetration of the alveolar bone can be expected 
within a few days. There has been no exfoliation of the deciduous molars 
in any of these cases. At the age of 148 days it can be expected that the 
tip of the Ml penetrated the alveolar bone 30 days previously. The occlusal 
movement in slowing down and bone resorption deep to the apex can be ex­
pected. 
In two of the dogs which were sacrificed at 148 days the Ml had penetrated 
the alveolar bone 35 days previously, in the third dog 18 days previously. 
-One dog was sacrificed at 155 days of age. The results of the first series 
indicate that at that time the PI has penetrated the alveolar bone 82 days 
previously. The position of this tooth has then become stabilised. 
In the sacrificed animal the penetration of the alveolar bone by the PI 
took place 77 days earlier. 
For the P3 and the P4 it was predicted that they had emerged 8 days prior 
and that the deciduous predecessors have been exfoliated. The vertical 
migration of these premolars is slowed down considerably. Because the 
growth is still linear the distance from the crypt to the lower border of 
the mandible has nearly reached its maximal value. 
In the sacrificed animal P3 and P4 have penetrated the alveolar bone 4 to 
11 days previously and the exfoliation of the deciduous molars has taken 
place. 
The predictions for the Ml at 155 days are that it will have penetrated 
the alveolar bone 38 days prior to this and that the vertical migration 
will have reached it plateau. Because of the continuing growth of the Ml 
the distance between the crypt and the lower border of the mandible de­
creases. 
In the sacrificed animal the Ml has penetrated the alveolar bone for 35 
or 42 days. 
-The last animal of this series was sacrificed at an age of 169 days. As 
could be expected from the results of the first series the position of all 
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the teeth involved has been stabilized in this animal. 
-Observations made from the serial radiographs taken from the dogs from the 
second series indicate that the development of the teeth and their surroun-
ding structures as well as the eruption does not differ in any way from 
the animals in the first series. This means that relations between the two 
series are valuable and that in this second series a comparison between 
the structures as revealed by the histological techniques and the develop-
mental stages as determined on the radiographs is possible. 
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5.3 HISTOLOGICAL EVALUATION 
5.3.1. Introduction 
In the following sections the histological characteristics of the different 
teeth will be described separately. An attempt will be made to describe the 
development of the teeth and their surrounding structures during the ex-
perimental period and to relate these findings to the results found by 
means of the radiographs. 
5.3.2. Histology of the PI 
The first phase which is studied is at 99 days, which is 11 to 25 days 
after the stage BoPl is attained for the different animals. At this time 
a coronal window in the alveolar bone exists in all animals and in those 
cases in which the diameter of the window is smaller than the diameter of 
the crown a massive bone resorption is found at the occlusal side of the 
crown caused by large numbers of osteoclasts. Root formation has already 
started in all cases. 
On the mesial side of the PI bone deposition is found. At this time the 
periodontal ligament at the mesial side is in most cases organized in 
three layers. One layer is found at the tooth side in which thin collage-
nous fibres which are attached at the outermost layer of the root dentine 
or at a very thin layer of root cementum, form a kind of fringe which 
connects thicker collagenous fibres running more or less parallel to the 
root surface with the tooth. A second layer is found which is not clearly 
organized and which consists of loose connective tissue and in which blood 
vessels are often found. The third layer is found at the bone side of the 
periodontal ligament and consists mainly of collagenous fibres and fibro-
blasts which run parallel to the bone surface. This layer has the appea-
rance of a normal periosteum (Figs. 5.1 and 5.2). 
In the cervical region a bundle of collagenous fibres is attached to the 
tooth. This bundle runs parallel from the tooth to the surface of the crown 
in a way that the whole crown is covered by a layer of thick collagenous 
fibres. The reduced enamel epithelium is found inside that covering layer 
and a layer of loose connective tussue appears externally to it (Figs. 5.3 
and 5.4). 
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Fig. 5.1. Fig. 5.2. 
Fig. 5.1. Mesio-cervical region of the PI at 99 days. 
The three layered structure in the parodontal 
space is clearly visible. 
H.E. 60x 
Fig. 5.2. Same area as fig. 5.1. 
Polarization microscopy, 60x 
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Fig. 5.3. Fig. 5.4. 
Fig. 5.3. Mesio-cervical region of the PI at 99 days. 
A bundle collagenous fibres lines the crown of 
the PI. The cervical fringe is present. 
H.E. 60x 
Fig. 5.4. Same area as fig. 5.3. 
Polarization microscopy, 60x 
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At the distal side of the PI the same structures are found and the alveolar 
bone also exhibits deposition at that side. 
In a few cases some principal fibres are found which appear to run from the 
tooth to the alveolar bone at the distal as well as at the mesial side of 
the PI. The orientation of these fibres is variable. Some of them run 
perpendicular to the tooth surface and others run obliquely upwards or down-
ward from the tooth. These principal fibres are found only in the cervical 
half of the periodontal ligament (Figs. 5.2. and 5.6.). 
Hertwig's root sheath is proliferating at the apical side of the root. The 
fibres from the tooth related layer of the periodontal ligament have a wavy 
appearance and they are continuous with the fibres which are limiting the 
pulp at the apical foramen, the so-called pulp limiting membrane. 
Loose connective tissue is present apical to the root and bone deposition 
is found in most cases. 
In the second group of dogs which was sacrificed at an age of 120 days the 
stage BoPl has already been attained between 35 to 49 days previously. 
The PI has in every case at his age emerged from the mucosa. 
Root formation is continuing, root dentine is being laid down and so far 
there has been very little cementum deposited. 
At this age bone deposition is found in most cases on the mesial as well 
as on the distal side of the PI. However in the animal which first attained 
stage BoPl bone resorption is visible at the mesial side of the tooth. 
A pronounced dento-gingival fibre bundle is found cervically on the mesial 
and the distal side and this is attached to the cervix of the tooth at one 
end and than fans out into the gingiva. Just apical to the dento-gingival 
fibre bundle a bundle of alveolar crest fibres is found which appears to 
run from the tooth to the top of the alveolar bone. The orientation of 
these fibres depends on the relative position of the cervix and the tip of 
the bone. In cases in which the cervix is found occlusal to the bone these 
fibres run obliquely downwards from the tooth and in some other cases they 
run perpendicular to the tooth or obliquely upwards. On the distal side 
the alveolar crest fibres are continuous with Sharpey's fibres in the bone. 
On the mesial side the Sharpey's fibres are less pronounced or absent. 
Apical from this zone the organization of the periodontal ligament becomes 
less clear. In most cases the three layers which have been described for 
the animals at 99 days are also found in these dogs. In some cases however 
110 
••"•Γ |.à »". ; 
ƒ · - . . • ή ' ·>«. ,· . < ^ 
Fig. 5.5. Fig. 5.6. 
Fig. 5.5. Mesio-cervical region of the PI at 99 days. 
Some principal fibres run from the tooth to the 
alveolar bone. 
H.E. 60x 
Fig. 5.6. Same area as fig. 5.5. 
Polarization microscopy, 60x 
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some principal fibres are present in the apical part of the periodontal 
ligament. This seems to be more the case in those animals which have 
attained stage BoPl at an earlier age. The orientation of these fibres is 
more or less perpendicular to the tooth or they run in an occlusal direc-
tion from the tooth. 
At the apical side of the tooth the alveolar bone is in some cases still 
being deposited although in other cases a stabilized situation is found. 
Between the apex and the bone loose connective tissue is present. 
At an age of 148 days, which is from 60 to 74 days after stage BoPl for 
the different animals, there is no or only slow bone deposition to be 
found at the mesial side of the PI. Deposition continues in all cases at 
the distal side. The organization of the periodontal ligament does not 
differ much from the animals at 120 days although an increase in the amount 
of principal fibres can be observed. The bone at the apical side is in 
most cases stabilized or there are some osteoclasts to be found. 
At 155 days no or only very little bone deposition is found at the mesial 
and the distal side of the PI. The tooth has by then penetrated the alveo-
lar bone for 77 to 81 days. A dento-gingival fibre bundle is present cer-
vically and throughout the whole length of the root principal fibres appear 
in the periodontal ligament. The orientation of the alveolar crest fibres 
in the cervical region depends on the relative positions of the cervix of 
the tooth and the alveolar crest. In the rest of the periodontal ligament 
principal fibres run mostly obliquely in an occlusal direction from the 
tooth, although half-way down the root areas are found in which the fibres 
run perpendicular to the tooth or even obliquely in an apical direction. 
In the dog which was sacrificed at 169 days of age, i.e. 84 to 91 days 
after the stage BoPl, it was found that some bone resorption may occur at 
the mesial side and some deposition at the distal side of the PI. The 
periodontal 1igament in this animal shows large numbers of principal fibres 
which are anchored in the bone by Sharpey's fibres (Fiqs. 5.7. and 5.8.). 
In the middle part of the root the principal fibres are less pronounced 
than in the cervical and the apical regions. At the apex of the root cellular 
cementum is present in which Sharpey's fibres are also embedded. 
At 218 days of age root formatnn appears to be completed. The bone surface 
is stabilized distal as well as mesial to the root of the PI. The periodontal 
ligament shows cervically a pronounced dento-gingival bundle and also trans-
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Fig. 5.7. Fig. 5.Í 
Fig. 5.7. Mesio-cervical region of the PI at 169 days. 
Large numbers of dento-alveolar f ibres are present. 
H.E. 60x 
Fig. 5.8. Same area as fig. 5.7. 
Polarization microscopy, 60x 
113 
septal fibres. More apically many principal fibres can been seen to connect 
the tooth with the alveolar bone. Most of these run obliquely in an occlu-
sal direction from the tooth. However the direction of these fibres changes 
from obliquely upwards to obliquely downwards in the apical part of the 
periodontal ligament. Sharpey's fibres are present in the bone adjacent to 
the whole tooth as well as in the cellular root cementum which is formed 
apically. 
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5.3.3. Histology of the P3(m2) 
The first group of dogs was sacrificed at an age of 99 days. According to 
the radiographs the crown formation of the P3 should still be incomplete 
and the bifurcation should still be non-visible. However in the histolo-
gical sections it appears that the crown formation is complete, the bifur-
cation is present and root formation has just started. Although there is 
some variation in the length of the root that has already been formed, it 
is in all cases still only very limited. 
The bone surrounding the tooth exhibits resorption at the occlusal side 
and in a few cases also resorption of the roots of the deciduous 
second molar has just begun. A stable situation is found in most animals 
apically to the tooth germs, but some bone resorption is found in some 
cases. The bone is also stable mesial and distal to the tooth. The guber-
nacular canal is visible in some specimens occlusal to the tooth. In all 
these cases the canal shows some resorption at the sites nearest to the 
crypt. However in some cases it is found that bone resorption takes place 
mesial and distal to the gubernacular canal at places where no direct 
pressure is exerted by the erupting P3. 
The periodontal ligament is not organized by this age. In most cases some 
collagenous fibres line the crown and the developing root. Externally to 
the lining of collagenous fibres a loose connective tissue is found in 
the space between the tooth germ and the alveolar bone. The bone itself 
is lined with some osteoblasts which do not appear to be active. An area 
with loose connective tissue is found interradicularly in which no bone 
is present. 
When the next group of dogs was sacrificed at an age of 120 days the crown 
formation had been, according to the radiographic observations completed 
for 11 to 21 days. The root formation should be about to start or it 
should have commenced 4 to 7 days previously. The histological sections 
however show that the root formation in all cases had already progressed 
considerably. Bone resorption occlusal to the crown is found in all cases 
and there is resorption of the roots of the deciduous predecessors in all 
cases. Bone deposition is found apical to the tooth germ and in the inter-
radicular area in all cases. The observations at the mesial and the distal 
side of the tooth germ vary from resorption to deposition. 
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A cervical fringe is observed on all root surfaces which connects a bundle 
of collagenous fibres which runs parallel to the root surface with the 
tooth. The more apical, the less distinct is the structure. Externally to 
this tooth related structure a layer of loose connective tissue is found 
in which numerous blood vessels are present. A periosteum like structure 
is found at the bone side of the periodontal ligament. 
At 148 days of age when it is expected that the P3 is about to penetrate 
the alveolar bone there are still no principal fibres running from the 
tooth to the bone. The periodontal ligament in these animals still shows 
the three layered structure as has been described for the animals of 120 
days of age (Figs. 5.9. and 5.10.). 
A massive resorption takes place from the bone or the remnants of the 
teeth occlusal to the erupting P3. In some cases there is also bone resorp-
tion at the mesial and the distal side of the gubernacular canal although 
there is no direct pressure exerted by the erupting tooth. Bone deposition 
is found in the interradicular area as well as apical to the roots of the 
P3. 
The first principal fibres in the periodontal ligament are found in the 
animal which was sacrificed at an age of 155 days. The P3 has in that case 
just emerged from the oral mucosa and the m2 has just been exfoliated. 
A dento-gingival fibre bundle has developed cervically mesial and distal 
to the tooth. Some principal fibres can be observed just deep to this 
dento-gingival bundle and some Sharpey's fibres are present in the alveolar 
bone. However this organization ceases very rapidly more apically where 
the three layered structure of the periodontal ligament is still to be found. 
A very rapid bone deposition takes place interradicularly and also bone 
deposition apical to the roots is found. Bone resorption takes place in 
most areas mesially and distally to the roots. 
An infiltrate mainly consisting of polymorphonuclear leucocytes can be 
observed in the connective tissue still covering parts of the crown. 
In the animal which was sacrificed at an age of 169 days, that is 7 days 
after the exfoliation of the deciduous second molar, there are principal 
fibres present from the cervical area to half way down the length of the 
root, mesial to the mesial, and distal to the distal (Figs. 5.11. and 
5.12.). In the interradicular area, however the periodontal ligament still 
shows the three layered structure except in the bifurcation, were some 
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principal fibres are found connecting the bifurcation of the tooth with the 
tip of the interradicular bone. 
At the age of 218 days the bone mesial and distal to the roots of the P3 
shows stabilization in most places. In some areas however a slight depo-
sition or resorption is found. A stable situation exists apical to the 
roots. At the cervical region the periodontal ligament exhibits a dento-
gingival fibre bundle, transseptal fibres and dento-alveolar fibres. The 
latter mostly run obliquely in an apical direction from the tooth to the 
tip of the alveolar bone. Many principal fibres are found more apically 
throughout the whole periodontal ligament exept for the area apical to the 
apices. In some cases loose connective tissue is present there. 
Sharpey's fibres are found mostly at the mesial sides of the roots. At the 
distal sides the Sharpey's fibres are absent or they penetrate less far 
into the bone than those mesially. 
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Fig. 5.9. Fig. 5.10. 
Fig. 5.9. Mesio-cervical region of the P3 at 148 days. 
A bundle of collagenous fibres lines the tooth 
and the cervical fringe is present. 
H.E. 60x 
Fig. 5.10. Same area as fig. 5.9. 
Polarization microscopy, 60x 
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Fig. 5.11. Fig. 5.12. 
Fig. 5.11. Mesio-cervical region of the P3 at 169 days. 
A large number of principal fibres and a dento-
gingival fibre bundle is present. 
H.E. 60x 
Fig. 5.12. Same area as fig. 5.11. 
Polarization microscopy, 60x 
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5.3.4. Histology of the P4(m3) 
The radiographs of the first group of dogs which was sacrificed at an age 
of 99 days show that at that age the crown formation of the P4 is still 
incomplete and that the bifurcation is not visible. The last stage that 
was found to take place before 99 days is the stage AP4 which was attained 
at 57 days in all cases involved. 
The histological sections however show that crown formation is complete in 
all animals and in most cases root formation has just commenced. Bone 
resorption is found occlusal to the crown of these teeth but the resorption 
of the deciduous third molars has not yet started. In some cases some bone 
deposition is found at the apical region of the tooth germ while in others 
no deposition or resorption is observed. Interradicular bone is not present 
in most cases at this stage although the first onset of the deposition of 
this bone is visible in one animal. At the mesial and distal side of the 
tooth germ a steady state is found regarding the bone surface. The guberna-
cular canal is in some cases moving distally by resorption at the distal 
and deposition at the mesial side of the canal. In the other cases the 
canal becomes wider by bone resorption that takes place both at the mesial 
and at the distal side (Fig. 5.13.). 
The periodontal ligament shows collagenous fibres which run parallel to the 
surface of the developing tooth not only alongside the roots but also 
covering the crown. In the cervical region in some instances a fringe is 
found connecting the parallel bundle to the tooth. At the bone side of the 
periodontal ligament a periosteum like structure is found and in between 
those two layers loose connective tissue containing blood vessels is 
present. Apically where the Hertwig's root sheath proliferates, colligenous 
fibres round the epithelial diaphragm and are continuous with the puip 
1imiting membrane. 
In the next group which was sacrificed at 120 days the radiological ob-
servations indicated that the root formation had been in progress for 0 to 
7 days while crown formation had been completed 11 to 14 days previously. 
Histological evaluation however reveals that the root formation in those 
animals has already progressed considerably. 
The resorption at the occlusal side of the crown is faster than it was at 
99 days. In most cases the resorption of the deciduous third molar has 
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started. This usually commences somewhere at the interradicular aspect of 
the roots and not at the apex. In some cases some bone resorption is found 
at the mesial side of the tooth but in most cases no resorption could be 
observed either at the mesial or at the distal side. 
Bone deposition is found apical to the roots and in the interradicular 
region. The gubernacular canal can only be studied in a few cases. It 
moves distally by resorption and deposition or resorption is found at both 
sides of the canal. Furtermore bone resorption is sometimes found in the 
trabecular bone occlusal to the tooth (Fig. 5.14.). 
The periodontal ligament shows a three layered structure. In the cervical 
region the fringe which has been described previously is more pronounced 
than in the more apical parts of the periodontal ligament. The periodontal 
ligament shows its three layered structure in the interradicular area also 
In one case some principal fibres connecting the tooth and the interradi-
cular bone are found in the bifurcation. 
The growth of the roots is still continuing by the proliferation of 
Hertwig's root sheath and in some cases some cementum is found alongside 
the roots. 
At 148 days the radiographs showed that root formation had been in progress 
for 28 to 42 days and that the stage BoP4 was nearly attained or had al-
ready been attained 0 to 4 days previously. The deciduous third molar was 
still present at that time. 
The histological sections at that age show a further progression of the 
root formation of the P4. 
A massive resorption of the still overlying alveolar bone and the deciduous 
m3 takes place occlusal to the crown. The resorption of the deciduous 
predecessor does not only take place at the surface orientated towards the 
erupting premolar but large amounts of osteoclasts are also found at the 
pulpal side. An infiltrate is present in most cases in the connective 
tissue occlusal to the crown. This mainly consists of polymorphonuclear 
leucocytes. Rapid bone deposition is found at the apical side of the roots 
and in the interradicular region. In all the cases studied deposition was 
also found at the mesial side of the roots of the P4 while at the distal 
side bone resorption was observed. Bone resorption also takes place mesial 
and distal to the gubernacular canal even at places where no direct pres-
sure is exerted. 
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At this age the periodontal ligament in the cervical region is still or-
ganized in three layers although in those cases in which the tip of the 
premolar has already emerged from the alveolar bone a tendency towards the 
formation of a dento-gingival fibre bundle can be observed. In one of the 
cases some Sharpey's fibres are present in the alveolar bone adjacent to 
the cervical region of the P4 but no such fibres could be found in all 
others. Neither are there any principal fibres connecting the tooth with 
the alveolar bone. 
At the age of 155 days the P4 has penetrated the alveolar bone and the 
mucosa and the deciduous third molar has been exfoliated. 
Remnants of the alveolar bone occlusal to the crown are resorbed rapidly. 
Bone deposition takes place at the apical side and interradicularly. No 
distinct pattern in the resorption and deposition at the mesial and distal 
sides of the roots can be observed. In most areas the periodontal ligament 
still shows the three layered structure in which the tooth related fringe 
is extending more apically than in the earlier stages. In the cervical 
area a dento-gingival fibre bundle exists deep to which seme principal 
fibres connect the tooth to the alveolar bone at the distal side of the 
tooth. There are also some Sharpey's fibres present in the alveolar bone 
opposing the cervical region at the distal side. 
In the animal which was sacrificed at 169 days the deciduous predecessor 
of the P4 had been exfoliated 7 to 11 days previously and there bone 
deposition is found interradicularly and distal to the tooth. Bone resorpt-
ion is found to take place at the mesial side. The bone apical to the roots 
seems to be more or less stabilized. 
In the cervical region the periodontal ligament shows considerable numbers 
of principal fibres associated with Sharpey's fibres in the alveolar bone. 
The structure changes apically into the three layered structure in which 
the tooth related part is connected to the tooth by means of a fringe of 
thin collagenous fibres. Even more apically the fringe disappears and there 
the tooth related zone only consists of fibres which run more or less 
parallel to the surface of the root. 
At 218 days of age only slight bone deposition or resorption is found 
mesial and distal to the roots of the P4. A stabilized situation is also 
found apical to the roots and the bifurcation. Cervically a dento-gingival 
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Fig. 5.13. Gubernacular canal occlusal to the P4 at 99 days. 
Bone resorption is found at the mesial and distal 
sides of the gubernacular canal. 
H.E. 60x 
Fig. 5.14. Alveolar bone occlusal to the P4 at 120 days. 
Bone resorption is found scattered through the 
alveolar bone occlusal to the crown. 
H.E. 60x 
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the periodontal ligament. The orientation of the latter type of fibres is 
dependent on the relative positions of the cervix and the tip of the al-
veolar bone, but in most cases these fibres run obliquely in an apical 
direction from the tooth. Many principal fibres connect the tooth and the 
alveolar bone deep to these dento-alveolar fibres. They are continuous 
with Sharpey's fibres in the alveolar bone. The principal fibres are 
present alongside the whole length of the roots, although they are less 
prominent in the most apical area. 
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5 3 5 Histology of the Ml 
According to the radiographs the crown formation of the Ml has been com-
plete for 11 to 25 days and the root formation is about to start in the 
first group of dogs which was sacrificed at 99 days. This agrees with the 
observations in the first series in which CM1 was attained at about 81 
days and RM1 at about 103 days of age 
The histological sections at 99 days show that the crown formation of the 
Ml is indeed completed in all cases and that the root formation has just 
started. Although the stage BoMl is not expected before an age of about 
118 days, the histological sections show in all cases that the tip of the 
Ml has already penetrated the alveolar bone at 99 days. The remaining bone 
occlusal to the crown is resorbing very quickly by means of large amounts 
of osteoclasts lining the bone. In some cases resorption is also found at 
the apical to the roots while in other cases a stable situation or a 
slight deposition is found in that area Bone resorption is found at the 
distal side and bone deposition at the mesial side of the tooth in two 
of the dogs of this first group, while in the third animal the opposite 
was found. 
In most but not all cases the periodontal ligament shows some formation of 
the so-called fringe in the cervical region but it is not very abudant 
A bundle of collagenous fibres running more or less parallel to the surface 
of the root and the crown is found in all cases These fibres line Hertwig's 
root sheath at the apex. They have a wavy appearance in that area and they 
are continuous with the pulp limiting membrane. 
External to this layer of collagenous fibres a zone of loose connective 
tissue containing blood vessels is found and at the bone side a periosteum 
is present which lines the alveolar bone. 
In between the cusps of the Ml the remnants of the stellate reticulum show 
signs of lysis but no inflammatory reactions are present in the subcutaneous 
connective tissue. 
In the second group of dogs, sacrificed at an age of 120 days, the radio-
graphs show that root formation had started 14 or 21 days previously and 
that the penetration of the alveolar bone took place 0 to 7 days earlier. 
The histological sections show that the Ml has in fact penetrated the al-
veolar bone and that these teeth are still covered by the oral mucosa. The 
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bone occlusal to the crown has been almost completely resorbed and the 
resorption of the last remnants is taking place very rapidly. An infiltrate 
is found in the subcutaneous connective tissue which consists apart from 
polymorphonuclear leucocytes also of plasma cells and lymphocytes. The 
remnants of the stellate reticulum in between the cusps of the Ml show 
signs of lysis. In some cases resorption of the distal root of the deci-
duous third molar is induced by the occlusal movement of the crown of the 
Ml. 
Rapid bone deposition is found at the top of the interradicular bone while 
no or only a slight deposition of bone can be observed apical to the roots. 
Bone deposition takes place at the mesial side of the crown and the roots 
and bone resorption is found to take place at the distal sides. 
The periodontal ligament shows mostly a three layered structure which has 
been previously described during this stage of the eruptive process. The 
fibres in the cervical region which line the crown are thicker than in the 
earlier stages and there are some fibres present which run from the tooth to 
the alveolar bone. No Sharpey's fibres are present in the bone (Figs. 5.15. 
and 5.16.). The three layered structure including a fringe is still 
present more apically. Some cementum is laid down on the root surface. 
In the interradicular area the situation is more or less the same although 
there are some Sharpey's fibres present at the top of the interradicular 
bone which are continuous with the few principel fibres which connect the 
bifurcation of the Ml with the top of the interradicular bone. 
The third group of dogs is sacrificed at 148 days which is according to the 
radiographs for two of the three animals 35 days after the stage BoMl has 
been reached and for one animal 18 days after that stage. 
Histology shows that all first molars have penetrated the oral mucosa at 
that age, although the emergence is less advanced in the animal in which 
stage BoMl was attained at a later age. 
The bone in the interradicular region is depositive in character. Some 
deposition is found in some cases apical to the roots while in others a 
stabilization of the bone is found. No clear pattern is found in the resorp-
tion and the deposition at the mesial and the distal sides of the roots. In 
some cases deposition takes place at the mesial as well as at the distal 
side while in other cases some resorption is found mesial or distal to the 
roots. In the cervical region the periodontal ligament shows a dento-gingival 
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fibre bundle which fans out in the gingiva and at the distal side a bundle 
of transseptal fibres connects the Ml whith the M2 Principal fibres are 
present more apically connecting the tooth and the alveolar bone However 
in the bone only a few Sharpey's fibres are found. In the apical region 
the three layered structure still remains although some principal fibres 
and also some Sharpey's fibres are also found there. In general the attach-
ment of the tooth at the alveolar bone at this stage is more pronounced at 
the distal than at the mesial side of the tooth. 
Many principal fibres are found interradicularly throughout the whole 
length of the periodontal ligament and the root and these fibres are con-
tinuous with Sharpey's fibres in the interradicular bone. Apically in the 
interradicular area, cellular cementum is laid down. Some Sharpey's fibres 
are embedded in this cellular cementum 
At the age of 155 days the radiographs show that stage BoMl had already been 
attained 35 to 42 days previously and that the Ml had then emerged from the 
alveolar mucosa. Bone resorption is found at the distal side of the Ml and 
the mesial side deposition takes place. In the interradicular area the bone 
deposition has been slowed down or has stopped and apical to the roots a 
more or less stable situation is found. 
The periodontal ligament in the cervical region shows a fringe running from 
the tooth to the dento-gingival fibre bundle, the transseptal fibres and 
the alveolar crest fibres. Distal to the tooth the alveolar crest fibres 
are only attached to the bone at places were no osteoclasts are present at 
that time At the mesial side numerous Sharpey's fibres are found embedded 
in the alveolar bone (Figs. 5.17 and 5.18). 
Principal fibres are present along nearly the whole length of the root. 
The number of principal fibres mesial and distal to the roots is approxi-
mately the same but the number of Sharpey's fibres in the adjacent alveolar 
bone is larger at the mesial than at the distal side of the roots. 
Many principal fibres are found in the interradicular region and Sharpey's 
fibres are present in the bone Cellular cementum including Sharpey's 
fibres is found apically. 
In the animals which were sacrificed at ages of 169 and 216 days the his-
tological picture is approximately the same as that at 155 days of aqe. 
The difference exists in the apical region where the quantity of principal 
fibres and Sharpey's fibres is increased. 
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Fig. 5.15. Fig. 5.16. 
Fig. 5.15. Mesio-cervical region of the Ml at 120 days. 
A bundle of collagenous fibres lines the tooth 
and a cervical fringe is present. 
H.E. 60x 
Fig. 5.16. Same area as fig. 5.15. 
Polarization microscopy, 60x 
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Fig. 5.17. Fig. 5.18. 
Fig. 5.17. Mesio-cervical area of the Ml at 155 days. 
A large number of pr incipal f ibres and a 
dento-gingival f i b re bundle is present. 
H.E. 60x 
Fig. 5.18. Same area as f i g . 5.17. 
Polarizat ion micrccopy, 60x 
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5.4. SUMMARY OF THE RESULTS 
The sequence of the presentation of the result in this summary is different 
from that in the previous sections. The aim of this summary is a brief 
description of the phenomena which subsequently are found in all teeth 
studied irrespective of the real time base on which they take place. 
It is found in all teeth that before the root formation is started the tis-
sues in the periodontal space are organized in three layers. A fibre and cell 
rich zone adjoins the tooth, a fibre and cell poor zone in the middle part 
and a fibre and cell rich zone in the alveolar bone. The fibres and cells 
in this three layered structure are mostly orientated parallel to the 
surface of the tooth or the bone. The structure covers the whole crown and the 
tooth related zone forms at the apical side a pulp limiting membrane. 
Bone resorption is found occlusal to the crowns. The bone is more or less 
stable at the apical side. The tips of the teeth move in an occlusal direc-
tion. The rate of the occlusal movement starts to increase shortly before or at 
the time proliferation of Hertwig's root sheath starts. The position of the 
apices however remain stable in this stage. 
The onset of the root formation does not seem to induce a reorientation 
of the fibres in the periodontal space nor does the increase in the rate 
of the vertical migration. The three layered structure in the periodontal 
space remains. The increase in the rate of the occlusal movement is accom-
panied by an increase in the number of osteoclasts lining the bone occlusal 
to the crown. Rapid bone deposition is found in the interradiculair area. 
This deposition matches with the occlusal movement of the bifurcation. 
Whether or not also bone deposition is found apical to the developing roots 
is dependent of the relative rates of the occlusal movement of the tips 
and the growth of the roots. The vertical migration of the tips of the pre-
molars becomes faster than the root growth and consequently the apices start 
to move in an occlusal direction and the bone apical to the tooth becomes 
depositive in character. On the other hand no bone deposition is found 
apical to the first permanent molar. 
The first changes in the structure of the periodontal ligament are found at 
the time the tips of the teeth without predecessors have penetrated the 
alveolar bone or for the teeth with a predecessor that the roots of their 
predecessor is resorbed to a large extend. A fringe develops cervically in 
that period which connects the tooth related zone of the periodontal ligament 
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with the tooth. No fibres are found which run from the tooth to the alveo-
lar bone and the middle of the periodontal ligament is still fibre and cell 
poor. 
The gubernacular canal from teeth with predecessors shows a distal drift 
or it becomes wider in the period before the penetration of the alveolar 
bone. The gubernacular canal of teeth without a predecessor is not studied 
for penetration of the alveolar bone had already taken place in all animals 
used for the histological evaluation. 
Bone resorption is also found in the trabecular bone occlusal to the teeth 
at places where no direct pressure seems to be exerted. The number of 
osteoclasts is increased considerably at the time resorption takes place 
at its maximal rate. The resorption of the deciduous molars does not only 
take place at the exterior of the teeth but also at the pulpal side of 
the dentine. 
The cervical fringe in the periodontal ligament extends more and more 
apically during the further development of the teeth and the eruption. 
The next change in the structure of the periodontal ligament is the esta-
blishment of the first dento-alveolar fibres in the cervical region. 
This phenomenon does not take place before the tips of the teeth have 
penetrated the oral mucosa. The vertical migration of the tips is still 
maximal at the time or it starts to slowly decrease. Apart from the dento-
alveolar fibres a dento-gingival fibre bundle develops after the emergence 
from the oral mucosa has taken place. A short time after the dento-alveolar 
fibres are formed also just deep to this bundle principal fibres are found 
running from the tooth to the alveolar bone. Bone desposition still takes 
place in the interradicular area and apical to the roots of the premolars, 
while apical to the first permanent molar the bone remains stable. 
The interradicular bone deposition becomes less abundant and apical to the 
roots the bone deposition, if present, decreases at the time the occlusal 
movements of the tips of the teeth slow down. An increasing number of 
principal fibres is found in the periodontal ligament. They are extending 
more and more to the apex. The apical and interradicular bone deposition 
ceases completely while the vertical migration slows down further and bone 
resorption is found apically in some cases. The principal fibres at that ti 
are found in the whole periodontal ligament. These fibres are then not only 
embedded in the alveolar bone but also in the cellular cementum which has 
been laid down at the apical parts of the roots. 
5.5 DISCUSSION 
In this section some of the findings from the histological part of the 
present investigation will be briefly discussed. 
In the first place the histological evaluation has revealed that in some 
instances a discrepancy exists between the radiological stages and the 
histological structures. For example the radiological stage 'onset of root 
formation' is found to take place at a different age than the histological 
onset of the root formation. This phenomenon can be explained by the 
fact that the initial root formation is not visible on the radiographs. 
It is shown that the same holds true for the stage 'bifurcation visible'. 
It is to be expected that also for other stages of which the definition 
is based on the radiographic appearance of structures an analogue discre-
pancy will be present. This means that the conclusion that the increase 
in the rate of the vertical movements of the erupting teeth starts before 
the onset of the root formation is not supported by the histological 
findings. Further research will be necessary to solve this problem. 
Another discrepancy between the radiographical stages and the histological 
data is found in the Ml. The tip of this tooth appears to emerge from the 
alveolar bone some time before the stage BoMl is attained. This phenomenon 
can be explained by the fact that the emergence is not taking place exact-
ly at the upper margin of the alveolar bone as visible on the radiographs 
but just below that margin at the lingual aspect of the jaw. So the defini-
tion of the radiological stage BoMl should be read as 'the time at which 
the projection of the tip of the Ml passes the projection of the upper 
margin of the mandible as visible on the radiographs'. 
Another finding from the histological part of the present investigation 
is that the periodontal ligament is not only initially organized in three 
layered structure but that this structure remains even when a substantial 
part of the root is already formed. These data indicate that no strong 
attachment apparatus exists between the tooth and the surrounding alveolar 
bone until root formation has progressed considerably and interradicular 
and apical bone formation is already found for a longer period. It there-
fore seems that in this period the mechanism which provides the eruptive 
force in not located in the attachment apparatus. 
The first onset of the formation of an attachment apparatus is found to 
take place after the emergence from the alveolar mucosa by the formation 
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of the first dento-alveolar fibres. 
The three layered structure is gradually replaced by a structure in which 
principal fibres connect the tooth to the alveolar bone thus forming an 
attachment apparatus. This shift starts cervically and progresses in an 
apical direction. 
The data obtained from the literature show some discrepancy in the stages 
at which the first oblique collagenous fibres are found. Biggerstaff (1975), 
Cohn (1957), Freeman and Ten Cate (1971) and O'Brien et al. (1958) are of 
the opinion that these fibres are found after the first root dentine is 
laid down before the first cementum is deposited. Others (Eccles, 1959; 
Schneider, 1970 b; Trott, 1962) state that cementum deposition starts 
before theses fibres are formed. Furstman and Bernick (1965, 1968), Grant 
and Веиііск (1972) and Ten Cate (1969) found that in monkeys and in man the 
deposition of cementum had to be under way for seme time before the first 
oblique fibres were found. Owens (1974, 1975) found that in dogs the first 
deposition of cementum is delayed, but that oblique fibres anchor in the 
outermost layer of the root dentine. These oblique fibres in dogs are of 
the same type as found in monkeys and man. They are relatively short and 
thin and they are not anchored by means of Sharpey's fibres. 
A complicating factor for these findings in that for example in rats 
the onset of the root formation is proceeded by the emergence from the 
alveolar bone (Kaneyama, 1973 a; O'Brien et al., 1958). Also in hamsters 
emergence from the alveolar bone has taken place before the onset of root 
formation (Biggerstaff, 1975). In monkeys the teeth have penetrated the 
alveolar bone prior to the establishment of the first oblique collagenous 
fibres (Furstman and Bernick, 1965). 
In the present investigation it has been shown that in Beagle dogs the very 
first oblique fibres are found after the emergence from the alveolar bone 
and that no extensive number of oblique fibres are found prior to the emer­
gence into the oral cavity. Root formation has already taken place for a 
considerable period before the achievement of these stages. 
The middle zone of the three layered structure in the apical area is in 
most cases rather wide and cell poor in the period of rapid eruptive 
movements. The information found in the literature concerning the periap­
ical cell proliferation as an eruptive force is all derived from experi­
ments on rodent incisors. 
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One of the objections against the rodent incisor as an experimental model, 
namely the structural differences between those incisors and teeth with a 
limited eruption is may be of importance in respect to the periapical cell 
proliferation theory. The periapical region of a rodent incisor is relatively 
cell rich and many mitoses are present. The results from the present 
investigation however show that in dogs another situation exists. An area 
of cell poor loose connective tissue is found apical to the tooth during 
the intraosseous eruptive movements. Therefore it is not likely that in 
this model an excess pressure will be generated in the periapical region 
by mitotic activity. An excess pressure which might be present in the 
periapical region is rather originating from the extracellular than from 
the cellular compartment. 
No data are obtained from the present investigation about the actual pres-
sure in the periapical region. The information about the possible role of 
the periapical excess pressure from the literature can be divided into 
two categories. 
In the first place experiments have been carried out to measure the actual 
pressure difference which might exist deep to and occlusal to the crown 
of an erupting tooth (Brown, 1968; Brown et al., 1969; Stenvik et al., 1972; 
Van Hassel and Brown, 1969; Van Hassel and Mc Minn, 1972). The results of 
these experiments which are performed on dogs canines indicate that a 
pressure difference does indeed exists and that it favours the occlusal 
movements of the tooth. These results are in agreement with the results 
obtained from the experiments in which the eruption of rodent incisors was 
mechanically prevented. These experiments have been discussed in the pre-
vious paragraphs. 
As stated before the findings from the present investigation give no 
information about this periapical pressure and further research in this 
field will be necessary. 
Finally an interesting finding from the histological evaluation is that the 
resorption of the mineralized tissues not only takes place at surfaces 
where a direct pressure is exerted by the erupting teeth. Osteoclasts are 
found in the gubernacular canal at the mesial as well as at the distal 
aspect. This results in a widening of the canal. Osteoclasts are further-
more found scattered through the trabecular bone. Their activity will 
result in a decrease of the bone mass occlusal to the crown. Multinuclea-
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ted cells are resorbing the dentine at the pulpal aspects of the deciduous 
teeth. These findings indicate that the circumstances in the area occlusal 
to the crown are favouring osteoclast formation, not only by a direct 
pressure in areas opposing the erupting teeth but also at places where no 
direct pressure from the teeth is to be expected. 
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6. GENERAL DISCUSSION 
The aim of the present investigation as defined in section 1.3. is to 
provide an accurate description of the variables which are involved in 
the eruption process using one experimental model. This accurate descript-
ion is a prerequisite for further research aiming at a better understanding 
of the mechanism which play a role in the process of tooth eruption. 
In this investigation tooth eruption is defined as 'the process whereby 
the forming tooth migrates in an occlusal direction from its intraosseous 
location in the jaw to its functional position within the oral cavity'. 
This migration is primarily caused by forces exerted upon the tooth. 
Apart from these forces however an adequate response of the tissues involved 
is necessary to enable the tooth to migrate under the influence of the 
forces. So for example adequate bone resorption occlusal to the erupting 
tooth, adequate bone deposition in the interradicular area, collagen syn-
thesis and turnover and cellular and vascular proliferation have to take 
place in a way that fulfils the requirements of the moment. These 
phenomena may be influenced or regulated by the eruptive forces themselves 
or they may be coincident with the process of tooth eruption. 
In the present discussion the different theories concerning the structures 
which generate the eruptive forces or the phenomena which permit the eruptive 
movements will be briefly summarized. Several arguments will be put forward 
why no conclusive evidence for any of these theories has been presented 
upon to this date. That an accurate description of the process is a prere-
quisite for a better understanding of the mechanism of tooth eruption will 
be discussed. The results of the radiological investigation on the develop-
mental and dimensional changes of the teeth and their surrounding struc-
tures will be briefly considered. The results of the histological part of 
the investigation will also briefly be discussed in combination with the 
results of the radiological part. Finally some remarks will be made con-
cerning phenomena related to the process, which themselves might not 
generate forces but which permit the tooth to move during the process 
of tooth eruption. 
The forces which play a role in the process of tooth eruption can oe 
devided in two categories. Firstly the forces generated by the teeth them-
selves or their surrounding structures such as the periodontal ligament 
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or the periapical tissues and secondly the forces generated by other 
teeth due to interdigitation or by structures such as the tongue and the 
lips. The first category of forces acts during the intraosseous phase of 
the eruption as well as after the emergence, the second one will not 
have any substantial influence before the emergence from the alveolar 
bone. The present investigation is restricted to the first category of 
forces, namely the forces orginating from the teeth and their surrounding 
structures. 
Many theories about the possible mechanism which is responsible for the 
eruption of teeth are presented in the literature. These theories state 
respectively that the eruption of teeth is caused by root growth, dentine 
deposition, bone growth, muscular pressure, gubernacular cord contraction, 
collagenous fibre contraction, fibroblast contraction, periapical cell 
proliferation or excess tissue fluid or blood pressure in the periapical 
region. 
However strong arguments against most of these theories have already been 
presented by Massler and Schour (1941). According to more recent literature 
as for example Berkovitz (1975a, b), Los (1976) and Ten Cate (1969) there 
are four theories which still need to be considered seriously. These 
theories are in the first place the theory which states that the forces 
necessary for the eruption originate from the oblique collagenous fibres 
within the periodontal ligament. Due to the shrinkage of the col-
lagen during its maturation a pulling force would be exerted upon the 
erupting tooth (Thomas, 1964, 1965, 1967, 1975). The second theory states 
that the fibroblasts in the periodontal ligament can be devided into two 
types, namely normal fibroblasts and so-called myofibroblasts. The latter 
possesses contractile and locomotive properties, and these cells would 
then exert a pulling force upon the tooth (Azuma et al., 1976). The third 
theory states that the periapical cell proliferation provides an excess 
pressure deep to the eruptive teeth favouring the eruptive movement (Mass-
ler and Schour, 1941; Ness, 1959 and Ness and Smale, 1959). Finally the 
tissue fluid pressure or blood pressure may be of importance (Constant, 
1900; Lamb and Van Hassel, 1972 and Van Hassel and Mc Minn, 1972). This 
theory states that an excess pressure deep to the erupting tooth is gene-
rated by differences in tissue fluid pressure or by local differences in 
blood pressure. This excess pressure then provides the eruptive force. 
Conclusive evidence for or against one of these theories is not available 
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from the literature. Several reasons can be put forward for the fact that 
so much research has not resulted in strong indications favouring anyone 
of the theories. 
During the process of tooth eruption many morphological changes take 
place in the teeth and their surrounding structures. Eruption takes 
place in the growing animal. In the growing jaw teeth develop. The 
development of these teeth is a complicated process in which interactions 
between cells orginating from the ectoderm and cells orginating from the 
mesoderm or ectomesenchymal cells are of importance. The interactions and 
the cellular responses are not only responsible for the formation of the 
crown but also for the formation of the roots and the differentiation of 
the cementoblasts and even for the formation of a part of the periodontal 
ligament (Barton and Keenan, 1967; Hoffman, I960 and Ten Cate et al., 1971). 
The developing teeth are at a very early stage to a large extend surrounded 
by the bone of the jaw. Bone deposition and resorption has to take place in 
a coordinated manner in order to enable the tooth to grow and erupt properly. 
The increase in the size of the tooth is only possible with a concomitant 
extensive cellular proliferation in the periapical region and with sup-
ply of sufficient nutrients. The latter can only be made possible by 
the developing vascular system in and around the tooth. As early as in 
the bell stage a small artery supplies the pulpal tissues while the future 
periodontal ligament is supplied by a capillary plexus (Gaunt, 1959). 
A rich vascular supply in the periapical region is found in later stages. 
The most complicating factor however is that not only growth and differen-
tiation take place, but that a developing tooth during these morphological 
changes migrates with an increasing rate in more or less occlusal direction 
through the bone. This means that in the growing system a directed force 
has to be developed and that adequate responses to these forces should be 
given by the surrounding tissues. 
Because of the fact that the system is so complicated many investigators 
have chosen for a model in which the eruption of teeth takes place in a 
more stable situation, namely the continuous erupting rodent incisors. 
Continuous erupting rodent incisors are functioning teeth. They are there-
fore not only under the influence of the forces which act in the intraosseous 
phase as well as after emergence but also of the forces which are only 
exerted after emergence, namely occlusion and forces originating from 
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structures such as the lips and the tongue. The phenomena which are found 
using this model are consequently influenced by forces of both types. 
Other investigators used teeth with a limited eruption for their experi-
ments. Molars of rats, mice and hamsters have been studied as well as 
teeth from dogs, monkeys and man. The variety in experimental set up 
hampers the inperpretation and the integration of these experimental data 
into one model of the eruption process. Apart from the complicated struc-
tural and developmental situation in the erupting tooth and apart from the 
different animal models which have been chosen, another reason for the 
difficulties is that for the experimental models used no accurate descrip-
tion of the movements of the teeth during the eruption is available. 
Literature concerning the morphological development of teeth and their sur-
rounding structures does not in most cases deal with the simultaneous erup-
tive movements. Most of these investigations are age related (Atkinson, 
1972; Biggerstaff, 1975; Freeman and Ten Cate, 1971; O'Brien et al., 1958; 
Trott, 1962). This means that animals of certain ages are sacrificed and 
used for the morphological examinations. Although no indications are given 
several authors are of the opinion that morphological phenomena are con-
comitant with transitions from one eruptive phase to another. For example 
Atkinson (1972) states that in mice at a certain age the roots of a certain 
molar begin to form and ' at the same time the prefunctional phase of eruption 
commenced . Cohn (1957) states concerning the development of mouse molars 
that 'root formation and eruption of the first molars begin at the 10th day' 
and Trott (1962) about the development of the parodontal attachment in rats 
'As the root develops the tooth starts to erupt'. 
However no extensive study concerning the eruptive movements of the molars 
of rats and mice is available and the interpretation of the onset of root 
formation as the start of the prefunctional eruptive phase is not based 
on any experimental data concerning the movements of the teeth involved. 
On the other hand the experimental data concerning the eruptive process 
deal mostly with continuous erupting rodent incisors and this would not 
appear to be an optimal model for the study of the mechanism of tooth 
eruption. 
Studies by Eccles (1959) and Melcher and Correira (1971) concerning the 
turnover of collagenous fibres in erupting rat molars are performed on 
teeth after emergence into the oral cavity has taken place and therefore 
in these experiments the eruption is also influenced by functional factors 
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such as chewing and occlusion. 
Cahill (1969, 1974) performed experiments on non-emerged premolars in dogs. 
However no description of the eruptive movements of these premolars is 
available and therefore it is difficult to interprete these results. The 
experiments of Brown (1968), Stenvik et al., (1972); van Hassel and Brown 
(1969) and van Hassel and Mc Minn (1972) are performed on non-emerged 
canine teeth of dogs. They aim at a determination of tissue fluid pressure 
deep to and occlusal to the erupting teeth, but they give no indications 
of the eruptive movements in the experimental situation. 
Little information is available concerning the actual movements of the teeth 
and the phases which could be distinguished in the eruption pattern. 
The publications of Shumaker and El Hadary (1960) and of Ando et al. 
(1965) are based on series of radiographs of humans taken at yearly inter-
vals, the experiments reported by Carlson (1944) are based on radiographs 
taken twice a year and Darling and Levers (1975) performed a cross sectional 
study on humans. 
The publications of Fanning (1961, 1962);Haavikko (1970); Moorrees (1963) 
and Nolla (1960) primarily deal with the different developmental stages 
in humans and give no information about the actual movements of the teeth 
during their development. 
It has therefore been decided that the present investigation should primarily 
aim at an accurate description of the eruptive movements of teeth, the con-
comitant developmental stages and the relations between the two factors. 
This study is performed in a model which is also suitable for extensive 
histological and experimental set up. 
In order to achieve this goal, series of standardized radiographs were made 
twice a week of Beagle dogs in the period from weaning until the permanent 
dentition is stabilized in its functional position. 
The radiological part of the present investigation has shown that the 
occurence of the developmental stages shows a rather large individual vari-
ation. The mean of the standard deviations is about 7.0 days. No gain in 
accuracy is achieved by the determination of inter stage periods. The 
mean of the standard deviations of all the inter stage periods is about 
7.2 days. 
The accuracy of the data obtained in the present study is of the same order 
of magnitude as that found in the literature. It appears that the accuracy 
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is insufficient for an accurate determination of the relations which might 
exist between the movements and the dimensional changes as measured on the 
radiographs. The inaccuracy of these measurements is to a large extend 
caused by the individual variation of the experimental animals. 
However some indications for the relation between the eruptive movements 
and the dimensional changes could be determined using the findings from the 
present investigation. Therefore some interesting findings will be summarized 
briefly. 
The deciduous molars move during the experimental period with a more or less 
constant rate in an occlusal direction until exfoliation occurs. The rate 
of this occlusal movement appears not to be influenced by the root resorption 
or the destruction of the periodontal ligament which takes place at the same 
time. 
The increase in length of the permanent teeth during eruption takes place 
with a more or less constant rate although a slight dip is found roughly be-
tween the completion of the crown formation and the onset of the root format-
ion. 
The data concerning the vertical migration of the tips of the permanent teeth 
in the present investigation show for all teeth studied approximately the 
same pattern. An exeption has to be made for the PI which shows a more or 
less constant vertical migration rate until a plateau is reached. However 
the development of the PI is more advanced at the start of the experimental 
period than the development of the other permanent teeth. So the rate of the 
eruptive movements of the PI had maybe already been increased before the start 
of the experimental period. The other teeth involved show, sometimes after 
an initial linear phase, a vertical migration with a constantly increasing 
rate which continues until emergence has taken place. 
At the time root formation becomes visible on the radiographs, which appears 
not to be coincident with the actual onset of the root formation, the 
eruption rate has already increased considerably. The maximal rate, which 
is four to five times the original one, is achieved before emergence. A 
decrease in the eruption rate in all cases is found to start after the emer-
gence into the oral cavity has taken place. 
The findings obtained by the radiographical part of the present investigation 
indicate that the eruption rate is increasing in the period roughly between 
the completion of the crown formation and the emergence from the oral mucosa. 
This means that during this period the mechanisms necessary for the eruptive 
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movements have to be in action. 
Integration of the data derived from the histological part of the investi-
gation with the radiological data may provide indications about the possi-
ble mechanisms. Therefore the histological data will be briefly discussed 
in respect of the different theories and the findings of the radiological 
part of the investigation. 
The first two theories to be discussed are these concerning the role 
of the collagenous fibres in the periodontal ligament and the role of the 
fibroblasts in the eruptive process. 
As has been previously stated most experimental data described in the li-
terature about these theories are based on experiments on rodent incisors. 
These experiments can be divided into two categories. In the first place 
experiments are performed using different drugs which interfere with the 
collagen production. The results from these experiments show in general 
that a disturbance of the collagen synthesis results in a slower eruption 
rate of rodent incisors. However the influence of these drugs is a systemic 
one. This means that other phenomena as for example an overall weakness 
of the animal may play a role. 
The other type of experiments uses operative procedures such as root 
transection or root resection as the experimental procedure. These experiments 
are also performed on rodent incisors. The resection or transsection 
of the apical parts of these teeth does not in general appear to effect 
the eruptive movements of the incisai part. However it has to be considered 
that the periodontal ligament of the rodent incisor is differently organized 
from the periodontal ligaments of the teeth with a limited eruption. 
The data in the literature concerning the role of the myofibroblasts appear 
to be only circumstantial and therefore they are not conclusive. 
A prerequisite for the possibility that the collagenous fibres or the myo-
fibroblasts exert a pulling force upon the eruptive tooth is that a mecha-
nical connenction exists between the tooth and the alveolar bone, otherwise 
no pulling force at all can be exerted by these structural elements. There-
fore one of the major questions has to be at which age or at which stage 
this mechanical connection is established and whether or not there is a 
relation in time between the establishment of the connection and the onset 
of the eruptive movements. 
The information obtained from the literature show some discrepancy in the 
developmental stages at which the first oblique collagenous fibres are 
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found. The findings from the present investigation show that the first 
fibres which connect the tooth to the alveolar bone are found after the 
emergence from the alveolar bone. No extensive number of oblique fibres 
however are found prior to the emergence into the oral cavity. Root 
formation has already taken place for a considerable period before the 
achievement of these stages. 
These data lead to the conclusion that the establishment of an attachment 
apparatus in the periodontal ligament is not primarily related to the onset 
of root formation and the intraosseous eruptive movements, but that is 
more likely that external forces as for example chewing forces induce a 
reorganisation of the fibres in the periodontal ligament which results in 
the establishment of an attachment apparatus. This means anyhow that the 
attachment apparatus is initially not the prime mover of the erupting 
teeth. 
The third theory that has to be discussed is the one concerning the periapi-
cal cell proliferation as the driving force of the eruption. Experiments in 
this field have mostly been performed on rodent incisors. The experiments 
can be divided into two categories. 
The first one deals with experiments using antimitotic drugs in order to 
prevent periapical cell proliferation. These experiments do indeed show 
a decrease in the unimpeded eruptior; rate of. rodent incisors. However it 
has to be considered that the antimitotic drugs have a systematic influence 
and that the animals used for these experiments show an overall weakness 
and poor condition. 
The other type of experiments prevents the eruption of rodent incisors mecha-
nically and the results from these experiments show that in some cases 
fundic bone resorption takes place, while in other cases folding in the 
apical part of the incisors is found. These results indicate that cellular 
proliferation also takes place in the periapical area of restrained rodent 
incisors. The pressure generated in this area seems to be, in some cases, 
large enough to induce fundic bone resorption, on the other hand the struc-
ture of the tooth is in some cases to weak to maintain its normal configura-
tion. This might be an indication that it is not very likely that this 
rather weak structure is able to push an erupting tooth in an occlusal di-
rection. Also the experimental data about the eruption of the incisai part 
of rodent incisors after root transsection or resection do not favour 
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the theory that the periapical cell proliferation would provide the erup-
tive force. Another objection against the cell proliferation theory is ob-
tained from the present investigation. The morphology in the periapical 
region of the permanent teeth in dogs differs from that of the rodent in-
cisors. The periapical region of a rodent incisor is relatively cell rich 
and many mitoses are present. In dogs however an area of cell poor loose 
connective tissue is found in the periapical region during the intraosseous 
eruptive movements. 
The last theory which should be discussed is the theory concerning the tissue 
fluid pressure or the blood pressure. Experiments have been carried out to 
measure the actual pressure difference which might exist deep to and occlusal 
to the canines and premolars in dogs. The results of these experiments 
indicate that a pressure difference favouring eruption indeed exists. 
The data obtained from the present investigation give no indication about 
the last theory and further research will be necessary in order to elucidate 
the possible role of the tissue fluid pressure or the blood pressure 
in the process of tooth eruption. 
As has been stated previously the eruption process not only deals with the 
forces which act upon the teeth during their eruption but also with phenomena 
which permit the tooth to migrate. One of these phenomena which does not it-
self provide a driving force is the response of the alveolar bone occlusal 
to the crown. The present investigation has shown that occlusal to the 
erupting tooth massive bone resorption takes place by means of osteoclast 
activity. Osteoclasts however are not only found in areas where a direct 
pressure upon the bone is expected but they are also present more occlusally 
scattered in the trabecular bone. Osteoclasts are also found in the guber-
nacular canal. In some cases the gubernacular canal is drifting by resorption 
at the distal and deposition at the mesial side, but in other cases the 
canal is widening by resorption at the mesial as well as at the distal side 
at places where no direct pressure seems to be exerted. 
These data give an indication that the response of the alveolar bone is 
not 'just' a response to the pressure exerted by the erupting tooth but 
that in the area occlusal to the crown certain conditions are present 
which favour bone resorption. These data are in accordance with the results 
of the experiments by Cahill (1969) who prevented the eruption of dogs 
premolars mechanically. He found that resorption of the alveolar bone 
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occlusal to the restrained crown continued although no eruption was possible 
The mechanisms by which th is bone resorption might be regulated are not 




In Chapter 1 the importance of the process of tooth eruption as a major 
contributor to the establishment of the occlusion in a developing dentition 
is emphasized in some introductory remarks. 
An extensive review of the literature is given in order to attain a better 
insight to the mechanisms which might play a role in the process of tooth 
eruption. Tooth eruption is defined for the present investigation as 'the 
process whereby the forming tooth migrates in an occlusal direction from 
its intraosseous location in the jaw to its functional position within the 
oral cavity'. 
The different theories which are developed concerning the mechanisms of 
tooth eruption are briefly summarized. It is concluded from data in the 
literature that the following four of these theories need still to be con-
sidered seriously. In the first place the theory which states that tractional 
forces are exerted upon the teeth by collagenous fibres which form a con-
nection between the tooth and the alveolar bone; secondly the theory which 
states that the contractile and locomotive properties of the so-called myo-
fibroblasts in the periodontal ligament generate an eruptive force; in the 
third place the theory which states that an excess pressure originating 
from mitotic activity in the periapical region exerts a pushing force upon 
the teeth; and in the fourth place a theory which holds the blood pressure 
or the tissue fluid pressure responsible for the generation of a peria-
pical excess of pressure. 
The review of the literature is restricted to data which might be of im-
portance for one of these four theories. The review can be devided into 
three parts. In the first place an attempt is made to give a description of 
the morphological development of the structures which might be involved 
in the process. In the second place the experimental data available on 
these theories are summarized and in the third place the data available 
about the actual movements of teeth during their eruption are briefly 
summarized. 
Evaluation of the data from the literature leads to conclusion that the 
results are rather inconclusive. This is partly due to the complexity 
of the structures and phenomena involved, partly to a variety of experi-
mental set ups and partly to a too fragmentary documentation of the erup-
tive movements and the concomitant developmental stages. 
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Therefore the aim of the present investigation is an accurate description 
within one experimental model of the various variables which are involved 
in the process of tooth eruption. 
In Chapter 2 a description of the material and the methods used in the 
present investigation is given. The female Beagle dog is chosen as the experi-
mental animal. The development of the teeth and their surrounding struc-
tures and the movements and dimensional changes of the teeth were recorded 
for a first series of dogs using standardized radiographs taken twice a week 
in the period from weaning to the time the permanent dentition is stabili-
zed in a functional position. 
A second series was also followed radiographically but groups of animals 
from that series were sacrified at different times and these dogs were 
used for histological examination of the teeth and their related structures 
at the various stages of the eruptive process. 
In Chapter 3 a survey is given of the ages at which the developmental 
stages are attained as revealed on the radiographs. Not only these ages are 
given but also the so-called inter stage periods. It appears that the 
accuracy of the data is independent of the age and that no accuracy is 
gained in the predictability by the calculation of the inter stage periods. 
The mean of the standard deviations of all measurements is in the order 
of magnitude of 7 to 8 days. 
In Chapter 4 the dimensional changes in the teeth and their surrounding 
structures as revealed on the radiographs is described. The results are 
discussed taking account of the results described in Chapter 3. 
It appears that the movements of the deciduous molars are independent of 
the developmental stages of their succesors and the resorption of their 
own roots. The growth of the permanent teeth takes place with a more or 
less constant rate until root formation is completed. The movements of 
the tips of the permanent teeth increase their rates before root formation 
becomes visible on the radiographs. The movements do not seem to be influ-
enced by the developmental stages. The rate of the vertical movements 
slows down some time after emergence into the oral cavity has taken place. 
The shortest distance from the crypt to the upper margin of the mandible in-
creases initially and then decreases again because the rate of the vertical 
movements of the tips of the permanent teeth becomes higher than the rate 
of the bone deposition at the margin. The shortest distance from the crypt 
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to the lower margin of the mandible is initially stable or increases slowly. 
The bottom of the crypt starts to move in an occlusal direction at the time 
the vertical migration exceeds the growth of its roots. This movement 
stops at the time the functional position is attained. It converts again 
into an apical movement by the continuing growth of the roots in combination 
with the cessation of the vertical movements of the tips. 
In Chapter 5 the data obtained from the second series of dogs are described. 
In the first place a description of the radiological characteristics 
at the time of sacrifice is given. These characteristics do not deviate 
from the predictions that could be made based on the first series. 
In the second place a description of the histology at the different 
stages studied is given. It appears that the development of the periodontal 
ligament in all teeth studied is more or less the same. 
One of the most important findings is that the first collagenous fibres 
in the periodontal ligament which connect the tooth to the alveolar bone 
are found after the teeth have emerged from the alveolar mucosa. In the second 
place bone resorption occlusal to the erupting tooth is also found at places 
where no direct pressure from the erupting tooth is expected, as for instance 
in the gubernacular canal and in the trabecular bone occlusal to the tooth. 
A discrepancy exists between the age at which the onset of root formation 
is scored on the radiographs and the histological onset of the root for-
mation which appears to start at an earlier age. The pattern of bone resorp-
tion and deposition corresponds however with the radiological findings. 
In Chapter 6 the results of the present investigation are discussed and 
related to the data obtained from the literature. The most important con-
clusions drawn from the discussion are: (1) the attachment apparatus 
which connects the tooth to the alveolar bone by means of collagenous 
fibres or fibroblasts is not the prime mover of the teeth during their 
eruption, (2) it is not very likely that tooth eruption is caused by an 
excess pressure, generated in the periapical area by mitotic activity, (3) 
no data are obtained for or against the presence of an excess tissue fluid 
pressure or an excess blood pressure in the periapical region and (4) indic-
ations are present that the resorption of the alveolar bone and the teeth 
occlusal to the crown of an erupting tooth is not 'just' a response to 





In Hoofdstuk 1 wordt in enkele inleidende opmerkingen benadrukt dat het 
proces van de eruptie van gebitselementen een belangrijke rol speelt bij het 
ontstaan van occlusie in een zich ontwikkelend gebit. 
Er wordt een uitgebreid literatuuroverzicht gegeven teneinde een beter in-
zicht te verkrijgen omtrent de mechanismen die wellicht een rol zouden kun-
nen spelen in het proces van tanderuptie. Voor dit onderzoek wordt tanderup-
tie gedefinieerd als "het proces waardoor de tand tijdens zijn ontwikkeling 
vanuit zijn positie in het kaakbot in een occlusale richting migreert naar 
zijn funktionele positie in de mondholte". 
De verschillende theorieën die zijn ontwikkeld betreffende de mechanismen 
die tanderuptie veroorzaken worden kort samengevat. Uit de gegevens uit 
de literatuur wordt gekonkludeerd dat de volgende vier theorieën nog 
steeds serieuze aandacht verdienen. In de eerste plaats de theorie die 
stelt dat trekkrachten op de gebitselementen worden uitgeoefend door col-
lagene vezels die een verbinding vormen tussen het gebitselement en het 
alvéolaire bot; in de tweede plaats de theorie die stelt dat de contrac-
tiele eigenschappen en de mobiliteit van de zogenaamde myofibroblasten in 
het parodontale ligament een eruptiekracht kunnen opwekken; in de derde 
plaats de theorie die stelt dat een overdruk die ontstaat door de mitoti-
sche aktiviteit in het periapicale gebied een duwkracht op het gebitsele-
ment uitoefent; en in de vierde plaats de theorie die de weefsel vloeistof-
druk of de bloeddruk in het periapical gebied verantwoordelijk stelt voor 
een periapicale overdruk. 
Het literatuuroverzicht is beperkt tot gegevens die betrekking kunnen heb-
ben op deze vier theorieën. Het literatuuroverzicht kan worden verdeeld 
in drie onderdelen. In de eerste plaats wordt een overzicht gegeven van de 
morfologische ontwikkeling van de strukturen die bij het proces betrokken 
zouden kunnen zijn. In de tweede plaats worden experimentele gegevens met 
betrekking tot deze theorieën samengevat en in de derde plaats worden de 
gegevens die bekend zijn met betrekking tot de werkelijke bewegingen van 
de gebitselementen gedurende hun eruptie kort besproken. 
Een nadere beschouwing van de gegevens uit de literatuur leidt tot de 
slotsom dat het niet goed mogelijk is konklusies te trekken. 
Dit is gedeeltelijk te wijten aan de komplexiteit van de strukturen en de 
fenomenen die erbij betrokken zijn, gedeeltelijk ligt het aan de grote 
variatie in de opzet van de experimenten en gedeeltelijk ligt het aan een 
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te fragmentarisch vastleggen van de bewegingen van de gebitselementen tijdens 
de eruptie en van de daarmee samenhangende stadia van ontwikkeling. 
Derhalve is het doel van het onderhavige onderzoek het geven van een nauw-
keurige beschrijving binnen één model van de verschillende variabelen die 
betrokken zijn bij het proces van de eruptie van gebitselementen. 
In Hoofdstuk 2 wordt een beschrijving gegeven van de in dit onderzoek ge-
bruikte materialen en methoden. Als proefdier werd gekozen voor de vrouwe-
lijke Beagle hond. In een eerste serie honden werden de ontwikkeling van de 
gebitselementen en de hun omringende strukturen en de bewegingen en de di-
mensionele veranderingen van deze gebitselementen vastgelegd door middel 
van gestandaardiseerde röntgenopnamen die tweemaal per week werden gemaakt 
in de periode vanaf het spenen tot aan het moment dat de permanente denti-
tie gestabiliseerd is een funktionele positie. Een tweede serie honden 
werd eveneens röntgenologisch vervolgd, maar groepen dieren uit deze serie 
werden op verschillende leeftijden opgeofferd en deze honden werden gebruikt 
voor de histologische bestudering van de gebitselementen en de omliggende 
strukturen tijdens de verschillende stadia van het eruptieproces. 
In Hoofdstuk 3 wordt een overzicht gegeven van de leeftijden waarop de ver-
schillende ontwikkelingsstadia, zoals die werden waargenomen op de röntgen-
opnamen, werden bereikt. Behalve deze gegevens worden ook de perioden tus-
sen alle stadia afzonderlijk berekend. Het blijkt dat de nauwkeurigheid van 
de voorspelbaarheid van de stadia onafhankelijk is van de leeftijd en dat 
de voorspelbaarheid niet groter wordt door de berekening van de perioden 
tussen de verschillende stadia in. Het gemiddelde van de standaard devia-
ties van alle metingen is in de orde van grootte van 7 3 8 dagen. 
In Hoofdstuk 4 worden de dimensionele veranderingen in de gebitselementen en 
de omringende strukturen zoals die zijn bepaald met behulp van de röntgen-
opnamen beschreven. Deze resultaten worden besproken, waarbij rekening 
wordt gehouden met de gegevens uit Hoofdstuk 3. Het blijkt dat de beweging 
van de melkelementen onafhankelijk is van de ontwikkelingsstadia van hun 
opvolgers en van de resorptie van hun eigen wortels. De groei van de blij-
vende elementen vindt met een min of meer konstante snelheid plaats tot de 
wortels afgevormd zijn. De beweging van de toppen van de blijvende gebits-
elementen neemt in snelheid toe voordat het begin van de wortelvorming 
röntgenologisch is vast te stellen. Deze beweging lijkt niet te worden be-
ïnvloed door het bereiken van bepaalde stadia van ontwikkeling. Enige tijd 
nadat de gebitselementen zijn doorgebroken in de mondholte neemt de snel-
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heid van de vertikale beweging af. De kortste afstand tussen de crypte en 
de bovenrand van de mandíbula neemt in eerste instantie toe maar vermindert 
dan weer doordat de vertikale beweging van de toppen van de blijvende elemen-
ten sneller wordt dan de botafzetting boven op de mandíbula. De kortste af-
stand van de crypte tot aan de onderrand van de mandíbula is in eerste in-
stantie konstant of neemt langzaam toe. Wanneer de vertikale beweging van 
het element sneller wordt dan de groei van de wortels gaat de onderzijde van 
de crypte aanzienlijk sneller naar occlusaal migreren. Deze beweging stopt 
wanneer de funktionele positie is bereikt. Vervolgens neemt de afstand tot 
de onderrand weer af door de nog voortdurende wortel groei. 
In Hoofdstuk 5 worden de gegevens van de tweede serie honden beschreven. In 
de eerste plaats zijn de röntgenologische karakteristieken van de dieren op 
het moment van opofferen weergegeven. Deze karakteristieken zijn niet af-
wijkend van de voorspellingen zoals die op basis van de eerste serie gemaakt 
konden worden. 
In de tweede plaats wordt een beschrijving van de histologie van de ver-
schillende stadia gegeven. Het blijkt dat de ontwikkeling van het periodon-
tale ligament voor alle gebitselementen die zijn bestudeerd ongeveer gelijk 
is. Een van de belangrijkste waarnemingen is dat de eerste collagene vezels 
in het periodontale ligament die de tand met het alvéolaire bot verbinden pas 
worden waargenomen na de doorbraak in de mondholte. In de tweede plaats wordt 
er occlusaal van de gebitselementen ook botresorptie waargenomen op plaat-
sen waar geen direkte druk lijkt te worden uitgeoefend door de erupterende 
gebitselementen, namelijk in het gubernaculaire kanaal en verspreid in het 
bot occlusaal van de tand. Er blijkt een verschil te bestaan tussen de leef-
tijd waarop het begin van de wortelvorming wordt waargenomen op de röntgen-
opnamen en het histologisch waarneembare begin van de wortelvorming. Het 
laatste blijkt eerder plaats te vinden. Het patroon van resorptie en depo-
sitie van bot komt wel overeen met de röntgenologische gegevens. 
In Hoofdstuk 6 worden de resultaten van dit onderzoek besproken en gerela-
teerd aan de gegevens uit de literatuur. De belangrijkste konklusies die 
uit deze diskussie getrokken kunnen worden zijn: (1) het aanhechtingsappa-
raat dat de tand verbindt met het alvéolaire bot door middel van collagene 
vezels of fibroblasten is niet de hoofdoorzaak van de bewegingen van de 
gebitselementen tijdens hun eruptie; (2) het is niet erg waarschijnlijk dat 
tanderuptie wordt veroorzaakt door een overdruk in het periapicale gebied 
die ontstaat door mitotische aktiviteit; (3) er zijn geen gegevens verkregen 
155 
die pleiten voor of tegen de stelling dat een overdruk in het periapicale 
gebied zou ontstaan door weefselvloeistofdruk of door de bloeddruk daar ter 
plaatse; en (4) er zijn indikaties dat de resorptie van het alvéolaire bot 
en de melkelementen occlusaal van de kroon van een erupterend gebitselement 
niet "slechts" een antwoord is op de druk die door het erupterende element 
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